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ABSTRACT
The purpose of the current study was to examine the ability of ground rubber to
sorb BTEX compounds from groundwater. Possible future uses of ground rubber as a
sorption media could include, but are not limited to, the use of ground rubber as an
aggregate in slurry cut-off walls, or other containment layers, that are in contact with
petroleum products. The swelling property of the rubber when exposed to BTEX
compounds may also help to decrease the hydraulic conductivity of the wall as organic
compounds diffuse through the wall. Ground rubber could also be used as a sorption
media in in-situ reactive permeable barriers. The current study consisted of running batch
tests to determine the equilibrium sorption capacity of the rubber for each BTEX
compound. Once the equilibrium capacity of the tire rubber was obtained column tests
were run to simulate the use of tire rubber as a sorbent in reactive permeable barriers.
Results of these tests allowed for the utilization efficiency of the packed bed to be
determined.
Equilibrium sorption test results indicate that ground tire rubber has approximately
5%,4%,3% and 7% of activated carbon's adsorption capacity for benzene, toluene,
ethylbenzene and p-Xylene, respectively, when the equilibrium concentration of the
contaminant in solution is 10 mglL. Column tests produced utilization efficiencies for
ground tire rubber that ranged between 32% to 61% when empty bed contact times were
approximately 30 minutes. When column tests were run with multiple BTEX contaminants
present, utilization efficiencies ranged between 34% and 89%. Repetitive sorption tests
indicate no measurable reduction in sorption capacity after 8 consecutive
sorption/desorption tests.
Results of the present work show that ground rubber sorption of benzene, toluene,
ethylbenzene and O-xylene in aqueous solutions are promising.
CHAPTER
1. INTRODUCTION
The two primary laws governing the cleanup of groundwater are the Resource
Conservation and Recovery Act (RCRA, 1984) and the Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA, 1980). Under these two laws the
most common groundwater cleanup goals are set at drinking water standards which may
vary according to state and targeted chemical. Since the initiation of these laws more than
ten years ago, large amounts of time and energy have been exerted to cleanup contaminated
aquifers. The success of these remediation efforts to reach required water quality standards
has been limited (Alternatives for Ground Water Cleanup, 1994). There are a variety of
factors that effect the long term success and cost of remediating a groundwater aquifer. A
few factors that effect the long term remediation of a aquifer include the type of
contaminant, the amount of organics in the subsurface, the permeability of the subsurface
material, the heterogeneity of the aquifer soils, the hydraulic gradient, and biological
activity (Alternatives for Ground Water Cleanup, 1994; Hall and Johnson, 1992). These
factors, as well as required maximum allowable contaminant concentrations after
remediation, space allocation, funding and time, determine the preferred methodology for
groundwater clean up.
Over the last one and half decades there have been many projects aimed at removing
a variety of contaminants in a variety of aquifers. These projects have used different
technologies to clean up contaminated aquifers. Both new and old, passive and active
technologies have been used with varying degrees of success (Alternatives for Ground
Water Cleanup, 1994). The same technologies have even been used at similar sites with
very different results being produced. Long term clean up has been a problem for a large
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number of remediation sites due to the slow dissolution of hydrophobic non-aqueous phase
liquids (NAPLs) into the passing groundwater, and the slow diffusion of sorbed
contaminants from the subsurface soil into the surrounding groundwater (Mackay and
Cherry, 1989). Depending upon the remediation method being employed the amount of
time required to achieve maximum allowed contaminant levels may be unacceptable due to
the cost, especially if a energy intensive remediation method is being employed. Many
sites have used a pump and treat method (active remediation) to clean up the subsurface
aquifer material. The cost of purging an aquifer until the contaminant level decreases below
the required maximum contaminant level may be enormous if a large amount of retardation
was occurring, or NAPLs were present. In addition there is no guarantee that the site will
ever be able to achieve maximum allowable contaminant concentrations. Many sites have
obtained the required contaminant concentration after pumping for many years only to find
out 12 months after turning the pumps off that the contaminant concentration has returned
to the original contaminant level or higher than the original contaminant level, requiring the
pump & treat methodology to continue (Alternatives for Ground Water Cleanup, 1994).
Due to the high costs of pump & treat new methods associated with passive remediation
have become a major interest in the environmental engineering field.
Some passive treatment methods are being looked on more favorably due to the
lower long term investment. The major limitation to this process is the amount of time
required to remediate a groundwater system. Generally a passive system enhances the
natural biodegradation of the contaminant or uses the natural hydraulic head of the aquifer
to push the contaminated water through a permeable treatment barrier (Rael et al. 1995;
Eykholt and Sivavec, 1995; Blowes et al. 1995; Thomson, et aI., 1991). The treatment
barrier can be incorporated into the aquifer material or sectioned off from the aquifer
material. If natural ground water gradients are going to be used to drive the contaminant
plume through the reactive barrier then it is required that the treatment barrier must be
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placed in the subsurface soil below the water table. Since many contaminants desorb very
slowly from the aquifer soil to the groundwater the passive treatment process can work at
the rate of the desorption process and natural hydraulic gradient conditions. Treatment
barriers do not clean up the contaminated soil, they only clean the groundwater leaving the
area of contamination. Therefore as long as the contaminant can be sufficiently contained,
and the contaminant plume is not an immediate threat to a water supply, the treatment
barrier can be a very intriguing alternative.
In-situ passive treatment barriers have just started to get recognition by the
engineering community, but have yet to be applied in the field. Bench scale treatment
barriers have been developed utilizing physical, chemical and biological processes to
remove contaminants from the passing groundwater. There have been a variety of barrier
materials tested that physically remove the contaminant from the groundwater through the
process of sorption. Some of the sorbents have been tested to determine the amount of
aromatic hydrocarbons they can sorb under various contact times (Rael et al., 1995;
Eykholt and Sivavec, 1995; Starr and Cherry, 1994; Morrison and Spangler, 1993;
Blowes et al., 1995). In particular, test results produced by both Park et al. (1993) and
.....
Crouthamel (1995) have shown that scrap tire rubber has a sorptive capacity for certain
aromatic hydrocarbons, such as ethylbenzene, toluene, and O-xylene.
Today, a large percentage of the population lives in urban areas and obtains its
drinking water from groundwater aquifers in the area. Associated with urban areas is a
large number of petroleum products, both industrial and commercial. These products
general require some form of storage. In the past large amounts of petroleum products
have been stored in poorly built subsurface tanks that have leaked. Leaks from both
subsurface and surface tanks as well as spills have caused the contamination of a large
number of aquifers in urban areas (Rael, 1995). It has been reported that volatile organic
contaminants (VOC's) from petroleum products are being detected in nearly 20% of potable
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groundwater supplies (Stenzel and Merz, 1989). Since YOC's are hydrophobic they tend
to sorb to subsurface soil organics which makes it very hard to purge the aquifer when
most of the contaminants are not in the groundwater. Desorption of the contaminant from
subsurface soils is the rate limiting step, which means a higher aquifer purge rate will not
necessarily decrease the amount of time required to remediate the aquifer. The high costs
associated with cleaning of a aquifer contaminated with YOC's has encouraged the
development of other methods which may be more cost efficient in the long run. This is
the reason for the interest in the passive treatment methods using treatment barriers to
contain and treat the contaminants.
One of the most familiar substance to remove YOC's from groundwater has been
granular activated carbon (GAC). This substance can be used in both active and passive
processes, and can be regenerated. A draw back of GAC is the substantial cost for large
amounts of virgin GAC and the costs associated with regeneration. Therefore, various
individuals are testing the ability of various inexpensive materials to remove contaminants
from groundwater (Crouthamel, 1995; Park et al., 1993, Rael et aI., 1995). A previous
study by Crouthamel (1995) looked at the possible use of various sizes and types of
ground tire rubber as a media that will remove O-xylene from groundwater. The results of
the previous study demonstrate that ground rubber can sorb significant amounts of 0-
xylene. The objective of this research was to determine the capacity of the ground tire
rubber to sorb benzene, toluene, ethylbenzene in addition to O-xylene (BTEX compounds)
at various concentrations in the groundwater.
There are three major reasons for evaluating the possible use of ground rubber as a
sorbent for BTEX compounds. The first reason is the known sorption ability of rubber for
organic chemicals (Aminabhavi, 1993; Comyn, 1986). Many polymers have been tested to
determine the amount and rate of the sorption of organic compounds both in liquid and gas
phases. The results of such tests have shown that polymers can incorporate the organic
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chemicals in-between the semi- mobile polymer chains (Guo, et. AI., 1992, and
Aminabhavi, 1995). The second reason ground rubber is being tested is due to the large
need to develop an economic market for the reuse of scrap tires (Reese, 1995). There are
very few markets for such a huge waste stream and it is important to try to develop markets
that reuse or recycle products. In 1990, 240 million scrap tires were generated. The
breakdown of the final resting place of the huge numbers of scrap tires is; 77.6% of these
tires were either landfilled, stockpiled, or illegally dumped; 10.7% were burned; 6.7%
were recycled and 5% were exported. From these statistics, there are very few uses for
scrap tires (Miller, 1993), and with limited space in sanitary landfills itbecomes essential to
develop reuse markets for as many waste products as possible. Finally, old tires are a
waste product and require very little processing to be turned into ground rubber which
means the cost of purchasing large amounts is minimal. Thus, if it is applied the cost of the
sorbent media used in both passive and active remediation methods could be significantly
reduced.
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CHAPTER
2. BACKGROUND
2.1 GROUNDWATER POLLUTION
2.1.1 COMMON ORIGINS OF CONTAMINATION
It has been only in the last few decades that groundwater pollution has become a
significant issue. The increased dependence upon groundwater resources by the world's
population and the heavy use of petroleum derived products, are the two main reasons for
the large concern over groundwater contamination. The increased production, storage and
use of synthetic chemicals that persist in the natural environment and have adverse effects
on living organisms, can destroy the usefulness of any aquifer if released into the local
environment. This is a serious problem since water resources are being stressed in almost
everywhere throughout the world. In the United States fifty percent of the nations
population gets its drinking water from the nation's groundwater supplies (Alternatives for
Groundwater Cleanup, 1994).
Depending upon the contaminant type, there are a variety of sources of
contamination. Chlorinated hydrocarbons, generally associated with cleaning fluids, are
used heavily in a variety of industries. With the increased use of any substance there is
always a greater likely hood of a accidental spill and/or release into the subsurface. More
relevant to the current research at hand is the origin of many contaminant plumes made up
of volatile organic compounds (VOCs), such as benzene, toluene, ethylbenzene, and
xylenes (BTEX compounds). One of the main sources ofBTEX contamination is
associated with the use of petroleum derived products. These products include, auto and
air fuels, oils, thinners, etc. A few sources of VOC introduction into groundwater aquifers
include waste disposal areas, leaky storage tanks, and spills (Rael and Dayaye 1995;
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Mackay et al. 1985). Such organic chemicals typically enter the subsurface as constituents
of a liquid phase. The liquid phase may be a dilute aqueous solution, a concentrated
leachate, or an organic liquid that is not miscible with water.
Waste disposal sites can introduce large and/or small amounts of contaminants into
a groundwater system due to the movement of water through a waste mass, or leakage of a
waste pond liner. BTEX compounds can be found in both municipal and hazardous wastes
at different concentrations (Gibbons, et aI. 1992). If contaminates are not removed from
the bottom of a waste fill, regardless of the existence of a low permeability liner, the BTEX
contaminants have the ability to escape into the local subsurface soils (Park et aI., 1993).
Assuming the subsurface soils at the bottom of the waste fill are partially or fully saturated,
the process of migration through the liner can be driven by both a concentration gradient
and hydraulic gradient. The migration of contaminants due to the existence of a
concentration gradient is caused by molecular diffusion, which does not require a flow of
water. The second migration process, advection, requires the movement of water to
transport the contaminants from the disposal site. Generally the migration of a contaminant
through a liner or groundwater aquifer is being driven by a combination of concentration
and hydraulic gradients (Freeze and Cherry, 1979). Therefore contaminants, such as
BTEX compounds, can enter the subsurface environment from both municipal and
hazardous waste disposal areas if they are not immediately removed from the boundaries of
the waste fill or pond.
In the last 50 years the storage and use of gasoline and other petroleum products in
urban areas has increased substantially. The increased usage of petroleum compounds
required a large number of above ground and below ground storage tanks. Due to the lack
of interest in preventing groundwater contamination many tanks were constructed
inadequately for the type of chemicals they were going to hold. On top of poor
construction, lackof monitoring and slow replacement of old tanks created a situation
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whereby huge areas were contaminated by a variety of petroleum products (Hall and
Johnson, 1992). Currently regulations pertaining to the use of storage tanks both above
and below ground has required the replacement or repair of most older storage tanks to
minimize any future leaks. Leaky storage tanks have been a major source of groundwater
contamination in the past and will probably playa smaller role in the future due to increased
quality control and monitoring (Hall and Johnson, 1992; Rael et aI., 1995).
The third contamination source is associated with spills of the contaminants in such
a manner that the contaminants comes into contact with soil. Many spills are accidental, but
many are preventable. Accidental spills can occur during transport due to collisions, faulty
machinery, and leaks. Petroleum products, such as the pure BTEX compounds and
gasoline, tend to have low viscosities under room temperature conditions which means they
have the ability to percolate into the soil very quickly. The contaminant can then travel
down to the groundwater table at which point the aquifer will become contaminated. Illegal
dumping of liquid or solid contaminants can become a source of groundwater pollution as
well. These sources may not be classified as "spills" but they behave in the same manner
as a spill.
These are just a few common sources of aquifer and subsurface contamination.
Each source has contributed and is still contributing to varying degrees to the current
groundwater contamination problems, but once the chemicals reach the groundwater table
there are a variety of factors that affect the movement of the contaminant plume.
2.1.2 FACTORS EFFECTING CONTAMINANT DILUTION &
MIGRATION
There are a large number of factors that effect the dilution and migration of VOCs.
The initial migration of a contaminant is very much dependent upon the physical state of the
contaminant at the time of release, and the subsurface geology. Since the current research
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is concerned with BTEX chemicals the following summary of factors effecting dilution and
migration of a contaminant in the subsurface environment will only be concerned with
BTEX chemicals.
Movement of a contaminant upon initial introduction onto the soils surface is very
much dependent upon the physical state of the contaminant. The physical states that the
BTEX chemicals are found in at the time of release are vapor, an organic liquid or
dissolved in a aqueous solution. As mentioned earlier VOCs are generally released into the
environment in a liquid phase with low viscosities at room temperatures. Good examples
of VOC releases would be a surface spill of gasoline or a leaky underground storage tank.
In the organic liquid phase, or dilute aqueous phase, the contaminant will migrate quickly
under the influence of gravity downward. Its movement through the vadose zone will be
dependent upon the hydraulic conductivity of the subsurface soil and the presence of
natural organic material. Figure 1 graphically demonstrates this process. Organic matter
has a limited capacity to sorb VOCs, especially when the VOCs are dissolved in an aqueous
solution. Another process occurring during the downward migration of the VOCs is
volatilization of the VOCs into the pore spaces filled with air. The gaseous phase
contaminants will then have the ability to migrate horizontally from the plume area (Mackay
and Cherry, 1989). Ultimately, the contaminant will reach the capillary fringe zone which
is just above the groundwater table.
Once the contaminant reaches the capillary fringe zone, the properties of the
contaminant's liquid phase and soil will determine the amount of migration and dilution that
will occur. For example if it is a gasoline spill, the contaminant will tend to pool in the
capillary fringe zone just above the groundwater table. The magnitude of dilution and
migration of the VOCs will be effected by the aqueous solubility of the contaminants,
groundwater movement (hydrodynamic dispersion), diffusion, biodegradation by
microorganisms, and the amount of organic matter in the aquifer material. Organic liquids
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that tend to be very hydrophobic and have the tendency to pool either on top or at the
bottom of an aquifer system are referred to as non-aqueous phase liquids or NAPLs
(Mackay et al. 1985). BTEX chemicals that enter a groundwater system in a bulk liquid
form, such as gasoline, are referred to as light non-aqueous phase liquids or LNAPLs since
they have the tendency to pool at the top of the groundwater table, and are very
hydrophobic. Figure 1 shows the migration path of an LNAPL plume.
Figure 1. Dilution and Migration of a LNAPL contaminant. The contaminant can be
several from several sources, such as leaky storage tanks, spills, waste fills (modified from
Alternatives for Ground Water Cleanup, 1994).
Once the LNAPLs have pooled at the top of the groundwater table they will slowly
spread laterally creating a thin pancake over the surface of the groundwater table. After its
formation, this lens will migrate primarily in the direction of natural groundwater flow.
Once the plume spreads sufficiently enough the contaminant will tend to group into
globules of LNAPLs in the pore spaces of the aquifer material (Mayer and Miller, 1992).
Once the globules of LNAPLs form in the pore spaces of the aquifer the contaminants tend
to stop migrating as a bulk organic liquid due to their hydrophobic nature and the capillary
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attraction between the contaminant and soil particles (Hall and Johnson, 1992). Organic
matter in the subsurface soil also retards the migration of LNAPLs due to its ability to both
adsorb and absorb the VOCs (Alternatives for Ground Water Cleanup, 1994). If the
LNAPL plume ever does stop migrating due to capillary forces, sorption or minimal
groundwater flow, the contaminants will continue to spread into the surrounding aquifer by
diffusing into the groundwater around the hydrophobic organic liquid mass (See Figure 2).
Dissolved
Contaminant
Solids
Figure 2. Example of NAPL globules with slow dissolution into the passing groundwater.
In summary, from the introduction of the contaminant at the surface, to the pooling
of the contaminant on the water table surface, to the globular formation in the soil pores,
the contaminant has the ability to constantly spread laterally from the spill, assuming a
homogenous aquifer (See Figure 1). As mentioned earlier, the VOCs tend to volatilize and
spread laterally during the predominantly downward migration through the vadose zone.
When the contaminant reaches the saturated portion of the subsurface it spreads laterally as
a thin pancake, while it moves in the direction of groundwater flow. The predominant
form of dilution and migration at or below the groundwater table is due to advection or
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groundwater movement (Mackay et al. 1985). Once the BTEX compounds reach the
saturated zone they have a limited ability to dissolve into the groundwater. This
contaminated dilute aqueous solution migrates with the flow of groundwater and spreads
slowly laterally and vertically do to the small amount of mixing occurring (See Figure 1).
In conclusion, the contaminant can exist in four forms in the subsurface. It can be in the
vapor phase in the non-saturated parts of the aquifer, or the vadose zone. The BTEX
contaminant can be in the form of a non-aqueous phase organic liquid that tends to pond on
top of the water table, or very small globules of organic liquid found in the aquifer pore
spaces. It can also dissolve into the groundwater to form a contaminated aqueous solution
and migrate down gradient. Finally, it can be sorbed to subsurface solids.
The dilution and migration of a contaminant can also be affected by the existence of
micro-biological activity, other organic compound, temperature, pH, salinity and dissolved
organics. Each factor may increase or retard the rate of contaminant movement, or the rate
of contaminant dilution (Alternatives for Ground Water Cleanup, 1994). Finally, it is
important to recognize that groundwater systems are not homogenous. There are very few,
if any highly homogenous aquifers in the world, many are very complicated with
fluctuating groundwater levels and flows, preferential pathways, and impermeable
boundaries (Willis and Yeh, 1987). Therefore, to predict the movement of a subsurface
contaminant it is important to determine the physical characteristics of a groundwater
system and contaminant. The variables discussed above are just a few factors that
determine the dilution and migration of a contaminant within the subsurface. These
variables will also help determine the ability, and efficiency, of current technologies to
remediate contaminated areas.
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2.1. 3 CURRENT METHODS EMPLOYED FOR BTEX CLEANUP
In today's remediation technology market there are a variety of cleanup
methodologies that have proven their worth in the field of remediation. Past experience
with different remediation technologies have demonstrated that there is no one correct
remediation technology for any single contaminated area. As mentioned earlier, both the
subsurface geology and the characteristics of the contaminant chemicals will determine
which technology or treatment train will be the most efficient (Alternatives for Ground
water Cleanup, 1994). These remediation technologies can be grouped into two general
categories, active and passive remediation technologies. Active treatment implies that large
amounts of energy are being applied toward the remediation effort. Passive treatment
technologies let nature take its course, or a minimum amount of energy is expended to
cleanup a contaminated site. The final results between the two treatment methods is
associated with the amount of time it takes for the contaminant level in the subsurface to
decrease and the amount of area ultimately contaminated. The following discussion briefly
describes some of the active and passive remediation technologies currently employed, and
possible future passive technologies, to remove VOCs from a contaminated aquifer.
2.1. 3.1 Active Remediation Technologies
One of the most widely used active remediation technologies in today's remediation
market is "pump and treat" methodologies. At superfund cleanup sites were petroleum
hydrocarbons have been found to contaminate the groundwater, 73% of the time a "pump
and treat" methodology has been employed (Alternative for Ground Water Cleanup, 199~.
"Pump and treat" methodologies tries to purge the groundwater aquifer of the contaminate
by strategic placement of extraction, and possibly injection wells, around the contaminant
plume. Installation may also include physical barriers to cut-off groundwater flow past the
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extraction well. Mass amounts of groundwater are then drawn to the surface to undergo
treatment to remove the contaminant. Depending upon the chemical characteristic of the
contaminant there are a variety of remediation schemes that can be employed once the
contaminated water is brought to the surface, such as air stripping, sorption of the
contaminate onto a solid media, and chemical treatment (Canter and Knox, 1986;
Alternatives for Ground Water Cleanup, 1994).
For the removal of a wide range of organic chemicals granular activated carbon has
been extensively employed with "pump and treat" systems (Stenzel, 1993; Stenzel and
Merz, 1989). Activated carbon is especially effective at removing soluble organic
compounds from both surface and ground water supplies. Due to the success in removal
of organic compounds by activated carbon the U.S. EPA under the 1986 Amendment to
the Safe Drinking Water Act adopted activated carbon to be considered the best available·
technology (Stenzel and Merz, 1989). It should be pointed out that the use of activated
carbon is not the fix all, it only works on certain contaminants, and the degree of success is
very much dependent on the local water chemistry and temperatures.
Other active remediation methods employed include in-situ soil vapor extraction,
nutrient injection/in-situ bioremediation, and bioventing. In-situ soil vapor extraction is
carried out by injecting large amounts of air into the subsurface at one well head, and then
extracting the air at another well head under a vacuum. This methodology is usually
applied to residual NAPLs located in unsaturated zones of the subsurface. The movement
of air through the soil void spaces causes the NAPL to come into contact with an airstream
which will cause the volatile part of the NAPL to partition into the airstream to be removed.
If the NAPL is a complete VOC then this process will remove a large portion of the
contaminant mass. Nutrient injection/in-situ bioremediation is the process by which the
contaminant is converted to another non-toxic form by subsurface microorganisms.
Hybrid microorganisms acclimated to use the contaminant as a substrate, and/or the
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injection of supplementary nutrients are feed into the contaminated area through injection
wells. The microorganisms clean the groundwater by converting the contaminant and the
injected nutrients to non-toxic or flushable substances that can be removed from the
subsurface using a pump and treat methodology. Bioventing is the process of in-situ
bioremediation of the unsaturated zone by injection air into the subsurface to enhance
aerobic biodegradation of the contaminants by supplying oxygen to the soil microbes
(Alternatives for Ground Water Cleanup, 1994). The active methodologies described
above are just a few of the many remediation methodologies that can be used to cleanup a
contaminated area. Many of these active remediation methods are used in combination with
other methods, including passive methodologies.
2.1. 3. 2 Passive Remediation Technologies
Passive remediation methodologies offer the ability to cleanup a contaminated
aquifer using much less energy then would be expended under an active methodology
mentioned above. Passive technologies include but are not limited to in-situ chemical
stabilization, intrinsic bioremediation, natural attenuation oLthe contaminant by the aquifer
material, and a possible future method of barrier controlled remediation. In-situ
stabilization can be carried out by an initial injection of a chemical into the contaminant
plume that will cement the subsurface soils to lock the contaminant in place, or injection of
another chemical into the contaminant plume that will cause the contaminant to precipitate
and/or change to a non-toxic form (Canter and Knox, 1986; Alternatives for Ground Water
Cleanup, 1994). This is considered a passive form of remediation because after the initial
injection of the chemical curtain around the plume the area is left alone. Intrinsic
bioremediation is the processes by which the local microorganism population are left alone
to degrade the contaminant to an inert form. Natural attenuation is another process that is
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allowed to occur without any human influence. If the subsurface conditions are acceptable
for irreversible sorption of the contaminant, and there is no immediate danger of the plume
adversely affecting a water supply or surface water body, it may be possible to allow the
plume to be naturally removed from the groundwater flow. Depending upon the physical
characteristics of the contaminant, natural attenuation and biological degradation will occur
at the same time if the contaminated area is left alone.
2.1. 3. 3 Reactive Barriers: A Technology in Development
Reactive permeable barriers are another passive technology that could possibly be
used in the future for the containment and remediation of a contaminant plume. The idea is
still in the research stage for the most part and there has been only a few field testes of the
technology (Blowes et al., 1995). The basic idea behind these reactive barriers is to allow
the natural groundwater flow to push the contaminant plume through a in-situ structure
containing a substance that will react with the contaminant (See Figure 3). Depending upon
the contaminant, the reactive zone can use a combination of physical, chemical, and
biological processes to clean the groundwater passing through the barrier. Chemical
barriers are designed by placing another chemical within the reactive zone which could
convert the contaminant to a non-toxic state, and/or cause the contaminant to precipitate out
of solution. Biological barriers are designed so that the reactive area is saturated with the
proper amount of nutrients and acclimated microorganisms that will use the contaminant as
a substrate, thus maximizing the biological activity in the reactive zone. Finally, physical
processes include the sorption of the contaminant to a sorbent located within the reactive
zone (Rael et al., 1995).
Each process described above does not remediate the contaminated area, but it does
contain the spill and cleans any groundwater leaving the site. The advantage of this method
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is that the hydraulic gradient does not have to be manipulated by pumping to prevent off-
site movement of the contaminant. One disadvantage is that the spill has to be securely
contained by the reactive barrier, which may drive up the costs of placing such a barrier. It
is likely that the reactive material will have to replaced in time, therefore the longer the
barrier the more area that will have to be disturbed at a later date. Due to this draw back
Starr and Cherry (1994) have modeled the use of reactive permeable barriers with in-situ
impermeable barriers to reduce the size of the reactive barrier. These structures are referred
to as Funnel and Gate Systems. It is possible to use a cut-off wall to funnel the ground
water flow into a in-situ reactive barrier, referred to as the gate. The funnel and gate
system reduces the amount of area covered by the reactive barrier, which may help reduce
long term maintenance costs.
Ground Water Flow
Ground Surface
Remediated
Ground Water
Reactive Penneable ....
Barrier
Figure 3. Permeable Barrier Concept.
Each remediation technology has its benefits and limitations. As mentioned earlier,
subsurface geology, contaminant's physical characteristics, space limitation, and a variety
of other factors will determine which remediation, or set of remediation technologies will
have the best efficiency at removing the greatest amount of contaminant possible.
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2.1.4 LIMITING FACTORS FOR BTEX CLEANUP: HYDROPHOBICITY,
DIFFUSION & SORPTION
After a spill of a organic chemical onto the soil's surface, the organic liquid tends to
migrate to the groundwater table. It will most likely reach the groundwater table in several
forms. These forms are in the vapor state, the dissolved liquid state and the organic liquid
state (Alternatives for Groundwater Cleanup, 1994; Mackay and Cherry, 1989). If the
BTEX chemicals where to enter a homogenous groundwater system dissolved in water,
and no sorption occurred, there is a high probability that the aquifer could be purged of the
contaminant in a finite amount of time. The reality of the situation is that most groundwater
systems are very complicated, with very unpredictable subsurface properties, preferential
pathways, micro-pores, and variable sorption capacities for organic chemicals (Mackay et
al., 1985; Freeze and Cherry, 1979). The sorption capacity of subsurface materials will
retard the movement of the plume, and may help to increase the dispersion of the plume as
well. The amount of retardation which can slow the contaminant's migration to velocities
that are less than 1% of the mean groundwater velocity, is dependent upon the subsurface
sorption capacity (Mackay et aI., 1985).
Generally, sorption processes are assumed to occur under equilibrium conditions.
This assumes that the contaminant has sufficient time to partition between the subsurface
solid and the ground water such that the mass flux across the liquid-solid interface goes to
zero. This may be possible under some natural groundwater flow conditions, but during
"pump and treat" remediation efforts desorption equilibrium conditions generally do not
occur due to kinetic limitations (Alternatives for Ground Water Cleanup, 1994; Mackay and
Cherry, 1989). Most "pump and treat" remediation efforts flush the subsurface at such a
high rate that the desorption and/or diffusion process becomes the rate limiting step or
kinetic limitation. The contaminants concentration is not able to reach the equilibrium
concentration for the given concentration of contaminant found in the soil, or micro-pore
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spaces. Kinetic limitations on the rate of desorption from contaminated soils can
indefinitely increase the required purge times of an aquifer when a pump and treat
methodology is employed. A number of field and laboratory investigations have suggested
that desorption processes during remediation exhibit non-equilibrium conditions which
means desorption is based on the contaminant's diffusion rate out of the solid, or out of
less accessible pores, to accessible areas that can be flushed (Mackay and Cherry, 1989).
This non-equilibrium behavior implies that the amount of time to remediate a site will be
much longer than if the desorption process could occur under instantaneous equilibrium
conditions. A primary indication that non-equilibrium desorption is occurring is the tailing
off of the contaminant concentration in groundwater during remediation. Another
indication of non-equilibrium conditions is the increase in contaminant concentration in the
groundwater at a remediated site once the remediation has stopped (Mackay and Cherry,
1989).
Another major factor that increases the amount of retardation occurring is the
hydrophobicity of non-dissolved BTEX contaminants, or light non-aqueous phase liquids
(LNAPLs). Hydrophobicity promotes the adsorption ofBTEX compounds to subsurface
soils, but it also helps to keep the contaminants in large ponds at the top of the groundwater
table. Table 1 ranks the difficulty of cleaning up a contaminated aquifer as a function of
contaminant chemistry and hydrology. If the groundwater does have enough kinetic
energy to break up the ponding LNAPLs, there is still a major problem with the organic
liquids getting trapped in small void spaces due to capillary tension between the soil
particles and the organic liquids (See Figure 2). Once the LNAPLs are trapped they can
stay in place for long periods of time slowly diffusing into the passing groundwater. These
are the current limitations in the most widely used remediation method, pump and treat.
As mentioned earlier, Super-fund Records of Decision indicate that approximately
73% of the time groundwater pumping and treating was chosen as the final remedy to
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achieve aquifer restoration. Very few if any of these sites have met the remediation
standards set for groundwater contamination levels. Additionally the Committee on
Ground Water Cleanup Alternatives, appointed by the National Research Council,
reviewed information from 77 sites where conventional pump and treat systems have been
operating for at least 5 years.
Table 1. Relative difficulty of cleaning up contaminated aquifers as a function of
Hydrogeology and contaminant chemistry (Alternatives for Ground Water Cleanup,
1994).
Contaminant Chemistry
Strongly
Mobil Sorbed
Dissolved Dissolved" Strongly Separate Separate
(degrades! Mobil (degrades! Sorbed, Phase Phase
Hydrogeology volatilizes) Dissolved volatilizes) Dissolved" LNAPL DNAPL
Homogeneous lb 1-2 2 2-3 2-3 3
single layer
Homogeneous 1 1-2 2 2-3 2-3 3
multiple layers
Heterogeneous 2 2 3 3 3 4
single layer
Heterogeneous 2 2 3 3 3 4
multiple layers
Fractured 3 3 3 3 4 4
a"Strongly sorbed" generally indicates contaminants for which the retardation coefficient is greater than
10. A retardation coefficient of 10 indicates that at any given time, 10 percent of the contaminant is
dissolved in the water and 90 percent is sorbed to the aquifer solids.
bRelative ease of cleanup, where 1 is easiest and 4 is most difficult.
The results of their analysis are that at 69 sites, cleanup goals have not yet been reached
(Alternatives for Ground Water Cleanup, 1994). Many of these sites have NAPLs in the
subsurface, which means there is a high probability that hydrophobicity of the
contaminants and sorption processes are retarding the movement of the contaminants
during the pump and treat remediation. In Table 2, the Committee on Ground Water
Cleanup Alternatives summarizes the relative performance of the various treatment
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alternatives for cleaning up contaminant plumes, and Table 3 shows the relative
performance for cleaning up contaminant source areas (Alternatives for Ground Water
Cleanup, 1994). Plume remediation refers to the cleanup of contaminants dissolved in the
groundwater. Source remediation refers to the clean up of non-aqueous phase
contaminants in the immediate vicinity of the contamination source.
Table 2. Relative performance of alternative technologies for plume remediation
(Alternatives for Ground Water Cleanup, 1994).
Residual
Residual Sorbed Number of .
Alternative Ground Water Concentration Cleanup Peer-Reviewed
Technology Concentration in Aquifer Time" Publicationsb
Conventional Low Med. to high Long Many
pump & treat
Air sparging Low to med. Low to med. Med. to long Limited
(vertical or
horizontal wells)
In situ Low to med. Low to high Med. to long Some
bioremediation-
hydrocarbons
In situ Low to med. Low to high Med. to long Some
bioremediation-
chlorinated solvents
In situ reactive Low NA Long _ Limited
barriers
Intrinsic Low to med. Low to med. Long Limited
bioremediation
Note: A "low" residual concentration and "medium" cleanup time reflect relatively good performance,
while "high" residual concentration and "long" cleanup time reflect much less effective performance.
"NA" denotes that the technology is not applicable to this situation.
"Because few cases of achieving cleanup goals have been reported, these qualitative assessments reflect the
judgment of the National Research Council: Groundwater Cleanup Committee.
b"Limited" indicates that very little information about this technology is available in peer-reviewed
publications, while "some" indicates a greater availability of information.
In conclusion, pump and treat methodologies have a limited ability to remove
LNAPLs from groundwater aquifers (Hall and Johnson, 1992). Unless the extraction well
is located right were the LNAPLs are ponding, this remediation technology can only
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remove contaminants that have dissolved in the passing groundwater. Which means that
the rate at which the contaminants can be removed becomes dependent upon the rate of
diffusion from the LNAPL and desorption from the subsurface solids (Mackay and Cherry,
1989). Time becomes the limiting factor in the remediation of a aquifer.
Table 3. Relative performance of alternative technologies for source remediation
(Alternatives for Ground Water Cleanup, 1994).
Residual
Residual Sorbed Number of
Alternative Ground Water Concentration Cleanup Peer-Reviewed
Technology Concentration in Source Area Time" Publicationsb
Conventional Low to med. Med. to high Long Some
pump & treat
Vacuum extraction NA Low to med. Short Some
and bioventing
Air sparging Low to med. Low to med. Short to med. Some
(vertical or
horizontal wells)
In situ Low to med. Low to high Short to med. Some
bioremediation-
hydrocarbons
In situ Low to med. Low to high Med. to long Some
bioremediation-
chlorinated solvents
Cosolvent and Low to med. Low to med. Short to med. Some
surfactant flushing
In situ chemical Med.(?) Med. to high(?) Med.(?) Limited
oxidation
In situ Low to Med. Low to high Med. to high Limited
bioremediation
Intrinsic Low to med. Low to high Long Limited
bioremediation
Note: A "low" residual concentration and "short" cleanup time reflect relatively good performance, while
"high" residual concentration and "long" cleanup time reflect much less effective performance. "NA"
denotes that the technology is not applicable to this situation. (?) denotes a high degree of uncertainty
regarding the performance of this technology.
"Because few cases of achieving cleanup goals have been reported, these qualitative assessments reflect the
judgment of the National Research Council: Groundwater Cleanup Committee.
b"Limited" indicates that very little information about this technology is available in peer-reviewed
publications, while "some" indicates a greater availability of information.
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2.1. 5 SORPTION / DESORPTION PROCESSES IN SOILS
The retardation of BTEX compounds by subsurface geology decreases the ability of
any remediation technology to remove the contaminant mass from the subsurface. This is
the main reason for the increased interest in passive remediation technologies. If residual
concentrations of BTEX compounds are going to be released according to desorption and
diffusion rates regardless of the amount of energy exerted to clean the aquifer, it is then
logical to employ remediation technologies that will work at the same rate as the desorption
and diffusion rates.
As mentioned above sorption is the process by which a chemical is adsorbed and/or
absorbed to a solid material (Mackay et al., 1985). In the case of a solid and liquid system,
adsorption is the process by which the contaminant in the liquid attaches itself to the surface
of the solid. There are a variety of attracting forces for adsorption that include ion to ion,
dipole to dipole, covalent, dipole induced dipole, etc. (Weber, et aI., 1991). Organic
molecules such as benzene, toluene, ethylbenzene and O-xylene (BTEX compounds) tend
to be non-polar and moderately hydrophobic. These non-polar molecules are not very
miscible with slightly polar water molecules, thus the organic molecules are repulsed away
from the water molecules toward any other non-polar mass (Weber et al., 1991). Since
soil organics tend to be hydrophobic and non-polar, non-polar contaminants in aqueous
solutions have a large affinity to adsorb to subsurface organics. The adsorption of the
contaminant to the subsurface soil can remove large amounts of the contaminants from
solution.
The process of adsorption of hydrophobic compounds is governed by the laws of
thermodynamics. A short section out of Weber et al. (1991) is quoted below because it
provides a very understandable description of the thermodynamics of the hydrophobic
adsorption process that may occur in the subsurface;
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"The relatively weak bonding forces associated with physical
sorption are often amplified in the case of hydrophobic
molecules by substantial thermodynamic gradients for
repulsion from the solution in which they are
dissolved......The existence of an energy acting to drive
hydrophobic molecules out of aqueous solution can be
understood in the context of the structure of water. It is
commonly envisioned that water molecules exist in one or
two principle types of structural associations in aqueous
phase. The first is one in which each water molecule is
tetrahedrally coordinated to four others via hydrogen
bonding, yielding a structure similar to that of crystalline ice.
The second is an agglomeration of more densely packed but
less well ordered molecules. A relatively non-polar
dissolved solute molecule is held in aqueous solution by an
arrangement of the ice-like water molecules, and the
dissolution reaction is generally exothermic. This favorable
enthalpy of solution is countered, however, by an
unfavorable entropy resulting from the increased ordering of
solvent molecules. Solute molecules can thus be driven
from solution at concentrations well below maximum
solubility, that is at levels well below those at which they
could precipitate, if the system can achieve a state that is
thermodynamically favorable to sorption. Chlorinated
hydrocarbons, for example, tend to sorb readily to organic-
rich soils because hydrocarbon-natural organic interactions
are energetically preferred to hydrocarbon-water
interactions."
The rate and capacity of adsorption and/or desorption by subsurface soils is
dependent upon; the amount of organic matter in the soil; the amount of dissolved organic
matter in the groundwater; the groundwater's physical/chemical properties; the
contaminant's physical/chemical properties; and whether the soil is fully or partially
saturated. Each property can have a major effect on the interactions occurring between
subsurface solids, water and contaminants (Alternatives for Ground Water Cleanup, 1994;
Mackay et al., 1985; Weber et aI., 1991).
In addition, the hydrophobicity of non-aqueous phase liquids (NAPLs) causes the
contaminants to stay as NAPLs for long periods of time in the subsurface. As mentioned
earlier these NAPL pockets, or globules of organic chemicals, have strong capillary forces
that significantly retard or stop their migration. This is why many "pump and treat"
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technologies have a limited ability to remediate aquifers contaminated by non-aqueous
phase liquids.
The amount of mass an adsorption media is able to adsorb is dependent on the
amount of surface area per unit volume. Granular activated carbon (GAC) ability to sorb
large amounts of material is due to the relatively large amount of surface area per unit
volume, and high organic carbon content of74.1 % (Zytner, 1994). GAC has surface areas
that range between 1000 and 1400 m2/g (Crouthamel, 1995). Once the surface area is
saturated with a sorbate, which is the point in time when a state of thermodynamic
equilibrium exist between solid and liquid phase concentrations of the hydrophobic sorbate,
the adsorption processes stops. If absorption does occur new adsorption sites will develop
as sorbate molecules diffuse into the sorbent's mass allowing more adsorption of solutes
from solution to occur. One>such class of sorbents that have large capacities to absorb is
made up of polymeric materials (Aithal and Aminabhavi, 1990; Comyn, 1986; Sun and
Chen, 1994). Hradil et al. (1991) concluded that the sorption of low-molecular weight
compounds by polymeric sorbents depends not only on their chemical composition but also
on the morphology of the polymeric structure.
2.2 SORPTION & POLYMERIC MATERIALS
2.2.1 ABSORPTION AND PERMEATION IN POLYMERIC MATERIALS
Absorption is a process in which a solute transferred from one phase to another
interpenetrates the sorbent phase by at least several nanometers (Weber et al., 1991). In a
binary aqueous solution polymeric materials tend to absorb a much larger mass of organic
compounds than the amount adsorbed to its surface. This is most likely due to the free
volume between the long polymer chains and the relatively high level of molecular motion
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(Guo et al., 1992). The rate of permeation into the polymer is dependent upon the chemical
properties and the physical dimensions of both the polymer (sorbent) and solvent molecules
(sorbate). There is presently a large body of research concerned with the processes of
chemical sorption by polymeric materials. The reason for such a large body of information
concerning the area of chemical-polymer interactions is due to the various applications in
which polymers are employed. One major application of polymeric material in this area is
in the area of chemical separation. Since, polymeric materials can selectively absorb
compounds, they are widely used as molecular sieves in membrane separation processes
(Aminabhavi et al., 1991). Another reason for the large body of research concerning
chemical-polymer interactions is due to the wide usage of polymeric gaskets in systems that
are required to contain a variety of chemicals. These chemicals may be able to permeate
into the polymeric gaskets degrading desired properties of the polymer, or permeate
completely through the gasket defeating the purpose of the gasket.
2.2.1.1 Permeation process and methods used to measure the process
Penetration of polymeric materials by liquid organic solvents involves diffusion of
solvent molecules through the polymer matrix and local relaxation of polymer segments
(Comyn, 1986). The diffusion of organic molecules takes place through co-operative
movement by the so-called micro-Brownian motion of the polymer chains (Aminabhavi and
Khinnavar, 1993). As the organic compounds penetrate the polymers surface the polymer
chains have the ability to flex to accommodate the added mass. This flexing process may
close and/or widen other areas that allow the solvent to enter deeper into the polymer. One
of the most evident results of the permeation process in polymeric materials is the physical
swelling that will occur as the penetrant occupies larger and larger amounts of volume
within in the polymeric material. Along with the swelling of the polymeric material, which
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may cause the polymeric material to double in volume, there is a measurable weight gain
(Aminabhavi et al., 1991; Comyn, 1986). Methods used to determine the amount of mass
being sorbed have included nuclear magnetic resonance imaging, gravimetric measurement,
mass balances of sorption and desorption processes, and changes in volumetric size (Aithal
and Aminabhavi, 1990; Aminabhavi and Phayde, 1995; Comyn, 1986; Webb and Hall,
1990).
Sorption of organic solvents by polymeric materials is often refereed to as Case IT
sorption. Case IT sorption is characterized by movement into the polymeric material of
sharp, step-type penetrant fronts at constant velocity (Comyn, 1986). Past research on
various polymers have shown that diffusion processes can be modeled using Fick's theory
when the rate of diffusion is much less than that of the polymer segmental relaxation rate.
Fickian diffusion kinetics are dependent upon organic solvent concentrations, temperature,
molecular size and shape of the organic solvent molecules (Aithal and Aminabhavi, 1990;
Aminabhavi and Phayde, 1995; Webb and Hall, 1990). The main draw back to note is that
the diffusion coefficients developed by Fick's Law is not a constant. The diffusion
coefficient will most likely be variable during the sorption process since polymeric
materials tend to swell during sorption, changing some of the chemical-physical properties
of the polymeric material. In many cases swelling of the polymeric material causes a phase
change of the polymer from a glassy state to a gel. A consequent of this change in state is
an increase in the diffusion coefficient as high as several orders of magnitude (Comyn,
1986).
Two factors that have some of the most pronounced affects on the ability of liquid
organic solvents to penetrate the polymeric material are temperature and concentration.
Research has shown that the rate of permeation of a liquid compound into a polymeric
material generally increases with increasing temperatures (Comyn, 1986). This
phenomenon is due to the increased molecular motion of the polymer chains with
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increasing temperatures. If the temperature is increased enough, the polymeric material
may pass through structural transitions, such as glass and melting transitions, which
further affects diffusion processes. Additionally, there may be an increase in free volume
of a polymeric material with temperature increase due to increasing segmental motion.
Therefore, the increased free volume and the increased segmental motion of the polymer
segments increases the ability of the penetrant to diffuse through the polymeric material,
and it increases the ability of the polymeric material to sorb larger amounts of liquid
penetrant.
The second factor that affects the ability of the organic solvent to penetrate the
polymeric material is the concentration gradient of the solvent in the polymeric material. As
--
mentioned above the process of movement through the polymer can be rougWy modeled by
Fick's Law (Comyn, 1986). Since Fick's Law is based on concentration gradients within
the polymer the rate of mass flux through the material is very dependent on concentration
between two points.
As can be inferred from the discussion above there is an indirect dependence of the
diffusion coefficient on concentration. Harogoppad et al. (1992) concluded, "An increase
in generalized interactions (van der walls, etc.) leads to increased swelling of the
membranes (polymeric materials) so that diffusion becomes concentration dependent". In
other words, with increasing concentration the polymeric material swells causing increased
free volume and molecular motion in the polymer which increases the diffusion coefficient.
Therefore, there is an increase in the ability of the liquid penetrant to diffuse into and
through the polymeric material.
2.2. 1. 2 Limitations of Permeation Rate & Quantity
There are a variety of limiting factors that effect the ability of a penetrant to move
into and through a polymeric material. Since there is such a large body of literature
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covering this area only a few of the most influential factors will be discussed at this time.
As mentioned above, temperature and concentration can influence the rate of diffusion and
the ultimate capacity of the polymer to sorb liquid compounds such as volatile organic
compounds (VOCs). Additional factors that limit permeation of organic solvents include,
cross linking density in the polymer, relaxation time, fillers in the polymeric material,
clustering, and finally the physical-chemical properties of the penetrant molecules.
Cross-linking density in polymeric materials make a significant difference in the
ability of solvents to penetrate and move through the polymer. Cross-linking refers to
. .
polymer chains that connect other polymer chains running parallel to one another (Boonstra
and Dannenberg, 1958). Cross-linked chains are partially responsible for the ability of
polymeric compounds to retain its original shape after being deformed to a certain degree.
The greater the cross-linking density the greater the force required to deform the polymeric
material, and the smaller the free volume within that polymer (Cabot Corporation, 1996).
In correlation to the increased force required for deformation and the smaller amount of free
volume, the polymeric material will not be able to sorb the same amount of penetrant as a
polymer with a lower cross linking density because it takes more energy for the penetrant to
stretch the additional crosslinking chains as it moves through the polymeric material
(Comyn, 1986). The physical results of the increased cross-linking is a reduction in
swelling potential at equilibrium (Aminabhavi et al., 1991).
As mentioned earlier the processes of permeation of a polymeric material by a liquid
penetrant is refereed to as Case IT sorption. Under Case II conditions there are two limiting
factors that effect the rate of penetrant flux through the polymer. One control has already
been discussed, the diffusional control. The other is referred to as deformation control
which is often called relaxation control (Comyn, 1986). As higher and higher
concentrations diffuse into the polymeric material the rate of increase in concentration at any
point in the polymer will become very dependent on the ability of the polymer segments,
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especially cross linked polymers, to relax or stretch as the penetrant molecules diffuse into
the area since each penetrant molecule takes up a finite volume. Therefore, the flux of
penetrant through a polymer is dependent on both the diffusion coefficient and the rate of
relaxation of the polymer segments. This is the definition of Case II sorption (Comyn,
1986).
Fillers in polymeric materials can significantly effect the ability of a organic solvent
to permeate into and through a polymeric material. Research by Boonstra and Dannenberg
(1958) indicated that inclusion of certain types of fillers, specifically carbon black, reduces
the swelling potential of a polymer when exposed to organic solvents. The reason for the
decreased swelling of a particular polymer when loaded with increasing amounts of carbon
black as a filler is due to the increased cross-linking when the rubber is vulcanized and less
free volume in the polymeric matrix due to increasing amounts of filler (Stickney and
Mueller, 1969). Cabot Corporation (1996), a major manufacture of various carbon black
grades, indicates that an increase in the modulus of a polymeric material when mixed with
carbon black is due to the carbon black particles acting as rigid cross-links between large
numbers of polymer chains. Therefore, addition of a filler reduces both the free volume in
the polymer and increases the cross linking density in the polymer. As discussed earlier,
the increased cross-linking density requires the penetrant to exert more energy to stretch the
additional cross-linking chains to make room for the penetrant molecules.
It has been concluded that in some polymer-solvent (gas) systems clustering can
have a significant effect on the swelling of the polymer and on diffusion of the solvent
through the membrane (Comyn, 1986; Sun and Chen, 1994). When cohesive forces
between penetrant molecules are greater than attractive forces between penetrant and
polymeric material, the penetrant tends to cluster within the polymer. Once the molecule is
contained within a cluster, it becomes less mobile due to the additional energy needed to
break the molecule free from the cluster. Once a cluster is formed, the cluster as a whole
31
may become immobile due to its size. If both the energy required to move the cluster or to
move a molecule out of the cluster and toward the surface of the polymeric material
becomes larger than the evaporation energy of the penetrant at a given temperature, the
cluster becomes immobile in the polymeric material (Comyn, 1986). Therefore, diffusion
of the penetrant, such as an organic vapor, through the polymer may be limited by the
formation of penetrant clusters. Also, complete removal of the penetrant cluster may not be
possible under similar environmental conditions present when the penetrant was sorbed.
A similar processes occurs in Type IT sorption processes when liquid organics
penetrate polymeric materials. It has been theorized that the sharp concentration front of a
Type IT sorption process is due to the rapid filling of a newly developed void in-between
polymeric chains than the slower more time consuming processes of creating those new
voids (Comyn, 1986). In other words it takes much more time and energy for the first
penetrant molecule to occupy an area in the polymeric material that has not been previously
occupied. The initial penetrant molecule must initially break a certain number bonds
between polymer chains and stretch certain cross-linked polymers. Once this process is
started it takes much less time and energy for additional penetrant molecules to move into
the void. Therefore, this is why the Type IT sorption process occurs in many polymer-
liquid solvent systems.
The physical and chemical properties of the penetrant molecule have major effects
on the ability of a solvent to penetrate a polymeric material. Characteristics such as
polarity, size and geometry of the penetrant molecule have significant effects on the ability
of a penetrant to dissolve within the polymeric matrix. Research done by Guo et al. (1992)
indicate that the rate of diffusion of solvent molecules in natural and silicon rubber indicated
clear dependence of diffusion rate on the size and shape of the diffusing solvent molecules.
Data presented by Harogoppad et al. (1992) showed that the diffusion coefficient for
styrene butadiene rubber decreases systematically from benzene, toluene, and p-xylene.
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Benzene has the lowest molecular volume and p-xylene has the highest molecular volume.
Additionally, comparison of polymer swelling data for similar solvents indicate that styrene
butadiene shows higher swelling tendencies than natural rubber, Polychloroprene and
Ethylene-Propylene-Diene-Terpolymer, when exposed to monocyclic aromatic liquids.
Harogoppad et al. (1992) theorize that this greater swelling potential of styrene butadiene
when exposed to aromatic liquids is due to the presence of aromatic benzene ring on the
polymer backbone, thereby rendering it more susceptible to permeation by molecules of
similar structure, such as aromatic monocyclic compounds (See Figure 4). A literature
review by Aminabhavi et al. (1991) also indicated variance in diffusion coefficients and
swelling potential of various polymers when exposed to organic solvent with different
octanol/water partition coefficients. Based on tests results by Boonstra and Dannenberg
(1958) polymer-solvent interactions are very dependent on the polarity of both the solvent
and the polymer. Results from their data indicate that polar solvents, like acetone and
chloroform, will have high swelling power for polar rubbers such as nitrile and neoprene
rubbers. Hexane on the other hand is a non-polar molecule, that has minimal swelling
power for polar rubbers and has a great swelling power for non-polar rubbers such as
Butyl rubber.
Figure 4. Chemical make up of Styrene-butadiene rubber (SBR).
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From the current summary of available literature it is hard to point to anyone
property that causes variations in the solubility and diffusivity of sorbates in polymeric
material, but as can be interpreted from the summary above physical and chemical
characteristics of both the polymer and penetrant molecules play important parts in
determining the type of interaction that will occur.
2.3 SORPTION / DESORPTION MOiilittN-G-
2.3.1 BATCH TESTS & ISOTHERM DEVELOPMENT
There are a variety of sorbents available for use in the field but before any sorbent
material is used in the field it has to be tested in the lab to determine its ability to sorb the
contaminant of concern. Batch tests are carried out on various mixtures of the contaminant
and the potential sorbent to develop sorption isotherms. The process to develop a sorption
model for ground scrap tire rubber, also known as ground rubber, is the same process as
those developed by the EPA to determine sorption isotherms for soil samples (Roy et aI.,
1991). The first step is to carry out batch tests that vary the initial concentration of the
contaminant in solution, or vary the amount of sorbent placed in a given contaminant
concentration. From batch tests the mass sorbed to the ground rubber at a specific
contaminant equilibrium concentration can be determined using Equation 1.
where,
q = Sorption capacity of the solid for the solvent (mg/g)
Co = Initial contaminant concentration (mg/L)
Ceq = Equilibrium contaminant concentration (mg/L)
V = Total volume of the batch reactor (L)
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(1)
M = Mass of sorbent placed in reactor (g)
p = Density of the sorbent (gIL)
By plotting the sorption capacity of the sorbent versus the equilibration
concentration of the contaminant for a variety of batch tests, a sorption isothenn curve is
developed. There are three commonly used adsorption models that can be fitted to the
sorption data produced by the batch sorption tests. These models are the Linear sorption
isothenn, the Freundlich sorption isothenn, and the Langmuir sorption isothenn (Equations
2,3 and 4, respectively)(Tcpobanoglous and Schroeder, 1987; Roy et aI., 1991).
Linear Sorption Isothenn
q =KCeq
Freundlich Sorption Isothenn
q = K COIn)f eq
Langmuir Sorption Isothenn
where,
q = Sorption capacity of the solid for the solvent (mg/g)
K = Linear isothenn empirically determined coefficient (L/g)
Ceq = Equilibrium contaminant concentration in solution (mglL)
Kr = Freundlich equilibrium isothenn empirical constant ((U/omgO-l/n»)/g)
n = Empirical constant (dimensionless)
KL = Langmuir equilibrium isothenn empirical constant (L/mg)
M = Empirical constant (mg/g)
(2)
(3)
(4)
The last two models can be linearized to determine the unknown constants, and the fit of
each model to the sorption data can be compared. One of the most common methods to
determine which adsorption isotherm model best fits the linearized set of data is leasts-
squares method (Hines and Montgomery, 1990). The Linear sorption isothenn model
(Equation 2) assumes linearity and does not require any conversion. The constant K is the
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slope of the line. Equation 3, the Freundlich sorption isotherm, is not linearized due to the
exponent. To linearize Equation 3, take the log of both sides of the equation, as follows,
log(q) = log Kf +(l / n) log(Ceq ) (5)
where, the variables are defined as earlier. The log of the isotherm data obtained from the
batch tests, log(q) and 10g(Ceq)' are used by the leasts squares method to determine the two
constants, ~ and (lin). K is a constant related to the adsorbability of the contaminant, and
(lin) is the slope related to the sensitivity to concentration. The steeper the slope the greater
the effect concentration has on the ability for a sorbent to sorb the contaminant. The lower
the slope the more steady the amount of mass sorbed per unit mass of the sorbent (Stenzel,
1993; Weber et al., 1991).
Finally, a similar linearization is carried out on the Langmuir isotherm. Equation 6
is the linearized Langmuir isotherm.
(6)
where, the variables are defined as earlier. The constant KLM is the slope related to the
sensitivity of the sorbent to solute concentration, and M is the maximum sorption ability of
the sorbent for a specific solute.
To determine which model fits the batch sorption data the best the coefficient of
determination (r), is computed (Equation 7)(Roy et aI., 1991).
where,
r 2 = L(Yi - y)2
L(Yi - y)2
Yi = the value of the dependent variable predicted by the regression
Yi = the actual data values
y = the average value of all Yi
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(7)
The coefficient of determination will have a value that falls between 0 and 1. The closer the
r value is to 1 the better the fit.
There are three useful pieces of information provided by the sorption isotherms:
• the sorption magnitude of the contaminant
• the development of a equilibrium capacity to provide a basis for preliminary
estimate of the sorbent usage
• sorptive capacity changes relative to contaminant concentration
2.3.2 PACKED BED COLUMN TESTS & UTILIZATION EFFICIENCY
Packed bed column tests is the next step in detennining the feasibility of using a
particular material as an sorbent for a contaminant in the groundwater. Batch tests only
determine the amount of contaminant the sorbent will sorb under equilibrium conditions.
In reality, the use of a sorbent in remediation systems does not allow sorbents to obtain
equilibrium with the inflow concentration of the contaminant, sorption takes place under
kinetic sorption conditions. Packed bed column tests help determine the utilization
efficiency of a sorbent mass under a given hydraulic retention time, and inflow
concentrations (Crittenden et aI., 1991). Column tests will provide the necessary design
data for a remediation system, where as batch tests determine if a media is a viable sorbent
(Stenzel, 1993).
The utilization efficiency, Equation 8, is defined as the mass of contaminant sorbed
by a given mass of sorption media under a specific contact time, divided by the ultimate
sorption capacity which is determined from the batch test isotherms using the average
contaminant influent concentration. Therefore, the utilization efficiency of a sorption media
under a set of environmental conditions and loading rates cannot be determined by batch
tests. Batch test data can only provide the maximum mass uptake under equilibrium
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conditions. The true utilization efficiency of a sorption media, that may be obtained at the
contaminant site, can best be determined by pilot scale tests at the site. Packed bed column
tests on the other hand are less expensive and can give an approximate value for the
utilization efficiency of a sorption media that may be obtained at the site (Crittenden et al.,
1991).
Packed bed column tests consist of placing a given amount of sorbent material in a
column made from a material that will not react with the sorbent or sorbate. Once the
sorbent material is packed in the column, the contaminant is slowly passed through the
packed bed until a breakthrough is achieved. Breakthrough is defined as the point when
the effluent contaminant concentration exceeds the allowable release concentration for that
contaminant.
The utilization efficiency of the sorption media, defined in Equation 8, is
determined by dividing the amount of contaminant the sorbent had sorbed before
breakthrough in a packed-bed column test by the amount of contaminant sorbed during a
batch test when the equilibrium concentration in the batch test equals the average influent
concentration of the column test (Stenzel and Merz, 1989). A mass balance relation given
by Equation 9, is used to determine the amount of contaminant sorbed per unit mass of
sorbent at breakthrough in a column test. Determination of when breakthrough occurs will
be defined in detail in the next section.
Utilization efficiency of sorption media =
qcol (100%)
qbatch @Avg. column influent concentration
where,
qeol = sorption capacity of sorbent in a column test (mg/g)
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(8)
(9)
Cinf = average influent concentration of contaminant entering column (mglL)
VL = volume of contaminated solution treated (L)
m = mass of sorbent placed in reactor (g)
One factor that has a large influence on the utilization efficiency is the amount of
time the contaminated solution is in contact with the sorption media. Generally, the shorter
the contact time of the fluid with the sorption media the smaller the amount of contaminant
mass removed from the solution per liter treated. There have been a variety of methods
employed to estimate the amount of time a fluid is in contact with the sorption media, this
paper uses both empty bed contact time (EBCT) and a contact time based on calculated void
volume to estimate the contact time. Empty bed contact time is defined as the amount of
time a fluid particle will take to traverse the length of the packed bed sorption media if the
sorption media was removed. The EBCT is calculated by dividing the length of the
sorption media in the packed column by the fluid velocity. The fluid velocity is determined
by dividing the volumetric flow by the cross sectional area of the empty column. The void
volume based contact time is determined by dividing void volume by the flow rate. The
void volume can be determined by knowing the specific gravity of the sorption material and
the volume occupied in the packed bed column by the sorption media.
Equation lOis another mass balance equation employed by Canter and Knox
(1986) to determine the adsorption of a contaminant onto granular activated carbon in a
packed bed column.
C. f K/
_l_n = 1+ exp[- (A m - C. V)]C Q 0 mf
elf
where,
Ceff = effluent concentration of contaminant (mgIL)
K] = rate constant (m3/day/g)
Q = flow rate (m3/day)
A
o
= adsorption capacity (gIg)
other variables were defined earlier.
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(10)
K1and Ao are detennined through graphical solution of the linearized fonn of Equation 10.
These small scale column tests and mass balance equation can help detennine what the
utilization efficiency of the sorbent will be in the field. It should be noted that there are a
variety of limitation associated with small scale column tests. These limitations consist of
the inability to simulate real life site conditions in a small scale column test. Therefore, it
should be recognized that the results from a packed bed column tests are only estimates of
the efficiency of any sorbent material.
Another important piece of information developed from a small scale column test is
the shape of the break through curve. The shape of the break through curve significantly
effects the performance of the sorption media. The sharper the break through curve in a
packed bed column test the more likely the sorbent is being efficiently used (See Figure 5).
If the break through curve is not sharp it will mean that there is slow build up of the
contaminant in the effluent. Once the effluent reaches the maximum allowed concentration
the sorbent media has to be replaced. Within the sorbent mass there is a concentration
gradient with a large portion of the sorbent in contact with only a low contaminant
concentration. Thus, the sorbent in contact with the low contaminant concentration is not
being used to its optimal efficiency. A sharp break through curve indicates that the
contaminant concentration is flowing through the column as a plug. Upon break through
the entire sorbent column is at approximately the same concentration, which means the
sorbent is being used at the same efficiency throughout the packed bed.
There are three major factors that effect the sharpness of the break through curve.
The first factor is the amount of diffusion occurring within the column. Diffusion through
the porous media in the column is driven by the concentration gradient. The magnitude of
diffusion is dependent upon the second factor that effects the sharpness of the break
through curve, hydraulic dispersion or channeling. Hydraulic dispersion is the amount of
mixing occurring within the media as the solution flows through the column. Channeling
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can be minimized by making sure the column diameter is 50 times the mean diameter of the
sorbent within the column (Crittenden et al., 1991). Finally, characteristics of the
equilibrium isotherm will effect the break through curve. If the equilibrium isotherm is best
modeled by the Freundlich isotherm, the lower the slope of Equation 5 the sharper the
break through curve should be. If the Freundlich isotherm curves have a lin value less
than 1, then it is considered a favorable sorbent. If the lin value is greater than 1, then the
sorbent is considered unfavorable since the equilibrium sorption capacity is more sensitive
to changes in contaminant concentration (Crouthamel, 1995; Stenzel, 1993).
Sharp, Gradual and Ideal Plug Flow Breakthrough Curves
for Dynamic Column Tests
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Figure 5. Examples of sharp, gradual and ideal plug flow breakthrough curves at a
specific flow rate.
2.3.3 SCRAP TIRE RUBBER
2.3.3.1 History
Polymers make up a large portion of the products being used in industrial,
commercial, and public sectors of the market place. One of the largest markets for an
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almost pure polymer product is in the truck and automobile tire market (Aminabhavi et aI.,
1991). In return this very large market has a corresponding large waste stream that is
causing problems in the waste management industry. Therefore, there is a very large need
to develop some form of reuse market for this polymer product.
In the year of 1990, more than 264 million tires were sold in the U.S. In the same
year, more than 242 million scrap tires were generated (Miller, 1993). Most of the tires
purchased were new tires with a recycled rubber content of 2% or less, which means
almost all of the scrap tires generated in that year either had to be disposed of, or used for a
purpose other than tires. Aside from the few reuse markets available to scrap tires 77.6%
or 188 million tires in that single year were landfilled, stockpiled, or illegally dumped.
Landfilling, stockpiling, and illegal dumping of scrap tires creates a variety of
problems. Landfilling of scrap tires takes up valuable landfill space and creates a materials
handling problems. If tires are to be buried within a landfill it is virtually impossible to get
whole tires to compress and stay buried within a landfill. Once the tire float to the surface
they tend to collect water and become a breeding ground for insects, which can create a
health problem. The current option available for many solid waste managers is to cut the
tire up into smaller sections before disposal. By reducing the size of the tires, they become
more manageable and will stay buried within the landfill. This process still is a problem
since it increase the costs of handling and uses up valuable landfill space. Stockpiling is an
intermediate step between use and reuse, recycling or disposal. The basic problems with
stockpiling is the occupied surface space, fires, and the creation of breeding sites for
insects. Due to the shape of tires stock piling can take up large amounts of land. Fires
occur often at tire stockpiles and are difficult to extinguish since they bum at high
temperatures (l500°C). megal dumping creates all the same problems mentioned above
plus creates an eye sore for those who live in the immediate area. Due to these problems
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and the lack of adequate disposal space, there is a need to develop reuse and/or recycling
markets for scrap tires.
There are a variety of small but significant scrap tire reuse and recycling markets.
These markets include retreading, artificial reefs, waste to energy incinerators, playground
equipment, asphalt additive,athletic surfaces, shoe soles, polyurethane wheels, carpets,
etc. (Reese, 1995, Miller, 1993). For the year of 1990, Miller mentions that 10.7% of the
scrap tires generated were burned for energy, 6.7% were recycled, 5% were exported, and
an additional 33.5 million scrap tires were retreaded. The same properties that make scrap
tires such a large waste management problem, make them a good materials source for many
of the second hand uses listed above. Scrap tires are very flexible, tough, inexpensive,
take a long time to degrade, and are plentiful in supply which makes them a very attractive
materials source option for many products. Waste to energy operators prefer tire rubber
since it has such a high energy value per pound. Scrap tires have a higher heating value
than coal, 12,000 to 16,000 British thermal units (BTUs) fuel value per pound, and they
leave no residue (Miller, 1993). Goodyear Tire and Rubber Corporation is working to
develop the use of tires in cement kilns due to the large BTU value per pound (Crouthamel,
1995).
Hollan et al. (1992) embraces the highest-use theory for tire rubber disposal and
recycling. This theory states that there are five areas for ground scrap tires. They are as
follows from highest to lowest:
1) Reuse of tires as retread tires
2) Size reduction for reuse in other compounds
3) Pyrolysis, or decomposition into constituent parts
4) Energy source through combustion
5) Landfilling
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The best reuse market for reducing the amount of energy required by the transportation
industry is to retread old tires. Retreading reduces the amount of virgin resources needed
and the associated processing, which reduces the amolint of energy required to maintain the
transportation industry (Holland et al., 1992). Generally, retreading material made from
scrap tires requires the tires to be ground down to a sufficient size to remove all the metal
and cord. Once the tire rubber reaches approximately 2 mm or less in size it can be referred
to as Ground Rubber.
The next highest-use category is the use of ground scrap tire rubber in new
products. Grinding up scrap tires requires the lowest amount of energy to process the old
tires into a form usable in other non-tire products, which makes it second on the highest-
use list. The process of grinding rubber consists of chopping the whole tires into I" by I"
square particle sizes with tire cord and steel still intact (See Figure 6). Next, the rubber
chunks are feed through a cracker mill or cryogeniclly ground to a specific particle size
distribution (Reese, 1995). During this period all of the metal and most of the cord is
removed from the ground rubber. Another grinding method that can be employed consist
of feeding the rubber through two large steel rollers running in different directions. The
distance between the rollers can be varied to effect the final particle size.
2.3.3.2 Composition
As mentioned earlier polymeric materials have the ability to sorb organic chemicals.
The sorption capacity generally depends upon certain physical and chemical characteristics
of the sorbent and sorbate. Therefore, knowing the approximate composition of scrap tire
rubber will help determine the amount of VOCs it will be able to sorb. The materials in
tires can initially be lumped into two basic categories. The first category consist of all the
reinforcing elements found embedded within the tire rubber. These elements consist of
steel bands and nylon cord elements. These strands of material are interwoven to add to the
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strength and durability of the tire rubber to road hazards. The second material category
consists of the tire rubber.
Figure 6. Size reduction of whole tires to ground rubber: 1" Tire Chips with cord and
steel; WRF - 10 ground rubber; WRF - 40 ground rubber and electron microscope view of
WRF - 10 surface.
Scrap tire rubber is made up of a variety of compounds that enhance the rubber's
flexibility, durability, and longevity. It is difficult to describe in detail the amount and the
45
strength and durability of the tire rubber to road hazards. The second material category
consists of the tire rubber.
(Measurement in em)
Figure 6. Size reduction of whole tires to ground rubber: I" Tire Chips with cord and
steel; WRF - 10 ground rubber; WRF - 40 ground rubber and electron microscope view of
WRF - 10 surface.
Scrap tire rubber is made up of a variety of compounds that enhance the rubber's
flexibility, durability, and longevity. It is difficult to describe in detail the amount and the
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exact chemical makeup of each compound found in every tire since each manufacture does
not use the same tire making "recipe". Thus, the individual compounds found in a batch of
ground tire rubber can only be lumped into a few categories (See Table 4). The amount
each category contributes to the overall vulcanized tire rubber market can only be
approximated. These categories consist of the following; elastomers, such as natural and
synthetic rubbers; fillers, such as carbon black; vulcanization agents, such as sulfur;
accelerators; processing aids; age-resistors; and softeners, such as extender oils (Holland et
al., 1993). Each component interacts with other components in such a manner to create a
rubber that will obtain the desired processing characteristics and the ultimate properties
required of the final product. Table 4 breaks these compounds down into some specific
components and gives the contribution of the component to the overall tire rubber weight.
tire rubber (Modified from Park et aI., 1993).
Butadiene
S rene
Carbon Black
Extender Oil
Zinc Oxide
Sulfur
Accelerator
46.5
15.5
31.0
1.9
1.9
1.1
0.7
As is shown in Table 4 the bulk of the tire rubber is made up of synthetic polymers. It
should be noted that this table is not constant for every batch of ground tire rubber, this is
just a general approximation for the make up of the average tire. The average tire also has
various amounts of natural rubbers and other synthetic polymers besides Butadiene and
Styrene (Holland et al., 1993).
2.3.3.3 Sorption Ability
As mentioned earlier products made out of polymeric materials, such as tires, have
the ability to both adsorb and absorb BTEX compounds from an aqueous solution
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exact chemical makeup of each compound found in every tire since each manufacture does
not use the same tire making "recipe". Thus, the individual compounds found in a batch of
ground tire rubber can only be lumped into a few categories (See Table 4). The amount
each category contributes to the overall vulcanized tire rubber market can only be
approximated. These categories consist of the following; elastomers, such as natural and
synthetic rubbers; fillers, such as carbon black; vulcanization agents, such as sulfur;
accelerators; processing aids; age-resistors; and softeners, such as extender oils (Holland et
al., 1993). Each component interacts with other components in such a manner to create a
rubber that will obtain the desired processing characteristics and the ultimate properties
required of the final product. Table 4 breaks these compounds down into some specific
components and gives the contribution of the component to the overall tire rubber weight.
Table 4. Make up of scrap tire rubber (Modified from Park et al., 1993).
Butadiene
St rene
Carbon Black
Extender Oil
Zinc Oxide
Sulfur
Accelerator
As is shown in Table 4 the bulk of the tire rubber is made up of synthetic polymers. It
should be noted that this table is not constant for every batch of ground tire rubber, this is
just a general approximation for the make up of the average tire. The average tire also has
various amounts of natural rubbers and other synthetic polymers besides Butadiene and
Styrene (Holland et al., 1993).
2.3.3.3 Sorption Ability
As mentioned earlier products made out of polymeric materials, such as tires, have
the ability to both adsorb and absorb BTEX compounds from an aqueous solution
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(Crouthamel, 1995; Baykal, 1992; Park et al., 1993). Since tire rubber has the ability to
sorb BTEX compounds, and it is a problematic waste source itself, there is an interest in
determining the amount of BTEX compounds a given amount of scrap tire rubber can sorb
from groundwater. There have been a large number of sorption tests done on various
rubber compounds, but there has been only a limited amount of testing done to determine
the sorption properties of scrap tire rubber. Park et al.(1993) have performed
sorption/desorption tests on scrap tires using a variety of chlorinated and aromatic organic
liquids as the contaminant in a aqueous solution. Results indicated that tire rubber sorbs up
to 5.6% of the sorption capacity of granular activated carbon on a volume basis.
Desorption tests by Park et al. (1993) indicated that 94.5% of the contaminant mass stays
within the polymer when fully saturated. Other studies looking at similar polymers, such
as styrene, dimethylsiloxane and bromobutyle rubbers, have indicated that the sorption
processes of various aromatic organic solvent vapors are reversible when placed in a
vacuum (Aminabhavi, et al., 1995; Webb and Hall, 1990; Sun and Chen, 1994). Snyder
(1988) indicates that sorption of BTEX compound vapors by ground rubber is reversible
when exposed to the atmosphere. The difference between Park et aL (1993) desorption
results and other desorption results cited is that the Park et aL (1993) experiments were
carried out under single step batch test equilibrium desorption conditions, the other studies
involved placing the polymeric compounds in a vacuum for a given amount of time after
sorption had occurred to measure the reversibility of the reaction.
Batch tests carried out by Crouthamel (1995) show that ground rubber, finely
ground scrap tire rubber, has the ability to sorb a-xylene. Figure 7 shows the results for
xylenes, and toluene sorption by ground rubber passing a #10 Mesh (Crouthamel, 1995),
approximately I" tire chips (Park et al., 1993), and granular activated carbon (Dobbs and
Cohen, 1980). Crouthamel (1995) used an equilibration time of 4 days for all ground
rubber samples. Park et al. (1993) ran the batch tests until equilibrium occurred by
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periodically taking samples of the solution. Most batch tests obtained equilibrium in 2
days. Dobbs and Cohen (1980) used Filtrasorb 300 granular activated carbon, a product of
Calgon Corporation, in all their batch tests. Only the crushed carbon that past a #200 mesh
(0.0736mm) and was retained on a #400 mesh (0.0381mm) sieve was used in the batch
tests. All activated carbon batch tests were carried out for 2 hours before taking a samples
of carbon free solution. This contact time was not the equilibrium contact time for the
carbon. Using slightly lower concentrations and 20 hour equilibrium periods for each
batch test, Stenzel and Merz (1993) obtained adsorption isothenns that indicated the carbon
could adsorb twice as much contaminant at the same contaminant concentration than the
amount of contaminant adsorb by the carbon in 2 hours reported by Dobbs and Cohen
(1980).
One specific set of experiments carried out on scrap tire rubber by Baykal et al.
(1992) looked at the possibility of using ground rubber as an additive in clay liners which
may come into contact with BTEX compounds. Results from their research indicate that
tire rubber swells up to 2.5 times their original volume when immersed in gasoline.
Various weight percentages of ground rubber and kaolinite clay were mixed together and
compacted. The ground rubber / clay liner was exposed to water contaminated with
various amounts gasoline. Over time the penneability of liners without ground rubber
additive increased, while the penneability of liners with ground rubber decreased. This
possibly indicates that ground rubber is sorbing contaminants and reducing the permeability
of the kaolinite liner when fluids containing dissolved gasoline are allowed to permeate the
compacted liner. Other research carried out on vulcanized rubber has shown, with nuclear
magnetic resonance imaging, that organic solvents will penetrate the free space found
within the polymer chains of the vulcanized rubber (Webb and Hall, 1990).
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Figure 7. Sorption ability of scrap tire rubber for O-xylene, and toluene.
In the past the sorption properties of ground rubber have been rarely examined or
employed. In 1988 two patients were approved by the U.S. government for the use of
ground rubber as a sorbent. Snyder (1988; 1988) applied for the two patents which
employed recycled tire rubber as a sorbent within containers to sorb organic vapors. The
second patent specifies the use of vulcanized tire rubber as a stabilization media for
hazardous liquid organic wastes. Currently there is a pilot test being carried out by
researches at the University of Wisconsin, Madison looking at the possible use of tire chips
as a sorption media for organic chemicals just above a sanitary landfill composite liner
system. They hope to remove most of the organics before they come into contact with the
composite liner. Therefore, it can be seen from the current research that there is an interest
in the sorption properties of ground rubber.
One question that still needs to be answered; when using tire rubber as a sorbing
media for the removal of BTEX compounds from groundwater systems is whether the
rubber will release any harmful compounds? Park et al.(l993) performed a EPA Toxicity
Characteristics Leaching Procedure on various types of tire rubber under different scrap
processing scenarios. Carbon disulfide was detected ranging from no-detection to
0.067mglL. Toluene was detected at a concentration of 0.007 to 0.19mglL. Trace levels
of barium, chromium, lead, and mercury were also detected. Research indicates that
several other leaching test methods were also done on ground rubber but all the results
indicated that the potential for the leaching of toxics from scrap tires is minimal.
2.4 BTEX: CONTAMINANTS OF CONCERN
2.4.1 ORIGINS OF BTEX COMPOUNDS IN THE ENVIRONMENT
As mentioned earlier, there are a large number of sources for contamination of
water bodies by BTEX compounds. Release of liquid petroleum products into the
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environment is one of the largest sources of BTEX contamination. Petroleum products are
not made up of just BTEX compounds, gasoline alone may contain over 1200 compounds.
The following list contains the top nine constituents of the 1200 compounds in gasoline
(Fan et aI., 1994):
1. benzene
2. ethylbenzene
3. toluene
4. m-,o-, and p-xylene
5. n-butane
6. isooctane
7. n-pentane
8. n-hexane
9. heptanes
As can be seen the top 4 compounds are the BTEX compounds. In addition to BTEX
compounds originating from gasoline sources, the chemical industry produces large
amounts of pure liquid BTEX compounds. Production of BTEX compounds in 1995 in
the U.S. ranged from 15.97 billion pounds of Benzene to 6.34 billion pounds of p-Xylene,
with toluene and ethylbenzene production amounts falling between these values (Chemical
& Engineering News, 1~96). In both 1994 and 1995, each BTEX compound, except m-
and O-xylene, could be found in the top 50 chemicals produced in the United States for
those two years. Since these compounds are produced in such large amounts and found in
significant quantities in gasoline, BTEX compounds are common contaminates in areas that
have releases of liquids containing BTEX compounds.
2.4.2 PHYSICAL AND CHEMICAL CHARACTERISTICS
Benzene, toluene, ethylbenzene and Xylenes fall into a category of chemicals
referred to as monocyclic aromatic hydrocarbons. These types of compounds tend to be
fairly hydrophobic and volatile. Table 5 contains average physical-chemical data of the
BTEX compounds (Mackay et al., 1992), and Figure 8 contains the molecular structure of
each BTEX compound. Some of the key properties presented include molecular volume,
water solubility, and octanol/water partition coefficient. Molecular volume will help to
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determine the amount of volume each molecule occupies within an sorbent material. The
octanol/water partition coefficient is a direct estimate of hydrophobicity or partitioning
tendency from water to organic media (Mackay et aI., 1992). The water solubility of each
BTEX compound in combination with the fractional makeup of BTEX compounds in
gasoline will help to determine the ultimate BTEX concentrations in aqueous solutions
exposed to gasoline.
H
c?' C,H CH ©Benz~ne I .11 Symbolized by:HC~C ........... CH
H ©Toluene ©C~
Ethylbenz~ne
CHg
o-XII~ne &CHJ
&CHm-XIl~ne
3
CHg
l!:XII~ne
Figure 8. BTEX molecular structures (Sawyer et aI., 1994).
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92.13 106.2 106.2 106.2 106.2
80.1 110.6 136.2 139.3 144.0 138.0
0.867 0.867 0.884 0.880 0.861
89.41 106.3 122.4 123.2 121.2 123.3
83.95 99.98 116.21 116.00 115.97 116.00
1770 530 160 160 176 185
3800 1268 1120 882 1170
557 647 854 700 542 760
2.13 2.69 3.13 3.20 3.12 3.15
1.81 2.25 2.41 2.26 2.37 2.31
It should be noted that the solubility values listed in Table 5 are not true constants. These
values will vary based on a variety of factors, some of which include temperature and
presence of other dissolved substances in solution especially naturally occurring organics.
The American Petroleum Institute (1989) has developed some approximate values for the
dissolution ofBTEX compounds from gasoline into aqueous solutions. Table 6 contains
approximate values for water saturated with "regular" and "super" grades of automobile
fuel. These values are based on empirical results and are reasonable when both the fraction
of each BTEX compound in the gasoline and the solubility of each compound in solution
are considered.
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Average Physical-Chemical data for BTEX com ounds (Mackay et al. 1992).
C6HiCH3)2
92.13 106.2 106.2 106.2 106.2
80.1 110.6 136.2 139.3 144.0 138.0
0.867 0.867 0.884 0.880 0.861
89.41 106.3 122.4 123.2 121.2 123.3
83.95 99.98 116.21 116.00 115.97 116.00
1770 530 160 160 176 185
12690 3800 1268 1120 882 1170
557 647 854 700 542 760
2.13 2.69 3.13 3.20 3.12 3.15
1.81 2.25 2.41 2.26 2.37 2.31
It should be noted that the solubility values listed in Table 5 are not true constants. These
values will vary based on a variety of factors, some of which include temperature and
presence of other dissolved substances in solution especially naturally occurring organics.
The American Petroleum Institute (1989) has developed some approximate values for the
dissolution of BTEX compounds from gasoline into aqueous solutions. Table 6 contains
approximate values for water saturated with "regular" and "super" grades of automobile
fuel. These values are based on empirical results and are reasonable when both the fraction
of each BTEX compound in the gasoline and the solubility of each compound in solution
are considered.
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4.84 m 5.66 m
10.9 m 11.5 m
2.42 m 7.4 m
31.1 m 107 m
Table 6. BTEX concentrations in groundwater saturated with two types of gasoline
(American Petroleum I~stitute, 1989).
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28.1 m 67 m
Table 7 contains the current maximum contaminant levels (MCLs) in drinking water
for BTEX compounds as specified by the U.S. Code of Federal Regulations (1995). The
main driving force for the maximum concentration limits being set at such low levels in
drinking water is due to the acute and chronic toxicity each BTEX compound poses to
humans. All the BTEX compounds can cause death at high exposure levels, and irritate
various parts of the body at low exposure levels. Long term effects of overexposure to low
concentrations of toluene, ethylbenzene, and xylenes can possibly cause liver, kidney,
and/or pancreatic damage (Lucius, 1987). In particular, benzene is recognized by the EPA
and Occupational Safety and Health Administration (OSHA) as a carcinogenic compound in
humans under long term exposure conditions (Hallenbeck and Flowers, 1992). This is
why the maximum contaminant level for benzene is set at such a low value.
Table 7. The maximum contaminant levels for BTEX compounds as specified by the 1995
U.S. Code of Federal Regulations.
Benzene 0.005
Toluene 1.000
Ethylbenzene 0.700
Xylenes (total) 10.000
* MCL is the maximum contaminant level --i
Based on the information already presented and on the maximum contaminant levels
for organic contaminants in drinking water in Table 7, which are based on public health and
odor concerns, there is a great amount of interest in new, more cost effective methods to
remediate water contaminated by BTEX compounds.
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67 ppm
.Super Unleaded Gasoline
Benzene 28.1 ppm
Table 6. BTEX concentrations in groundwater saturated with two types of gasoline
(American Petroleum Institute, 1989).
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Toluene 31.1 ppm 107 ppm
Ethylbenzene 2.42 ppm
m-Xylene 10.9 ppm
o,p-Xylene 4.84 ppm
7.4 ppm
11.5 ppm
5.66 ppm
Table 7 contains the current maximum contaminant levels (MCLs) in drinking water
for BTEX compounds as specified by the U.S. Code of Federal Regulations (1995). The
main driving force for the maximum concentration limits being set at such low levels in
drinking water is due to the acute and chronic toxicity each BTEX compound poses to
humans. All the BTEX compounds can cause death at high exposure levels, and irritate
various parts of the body at low exposure levels. Long term effects of overexposure to low
concentrations of toluene, ethylbenzene, and xylenes can possibly cause liver, kidney,
and/or pancreatic damage (Lucius, 1987). In particular, benzene is recognized by the EPA
and Occupational Safety and Health Administration (OSHA) as a carcinogenic compound in
humans under long term exposure conditions (Hallenbeck and Flowers, 1992). This is
why the maximum contaminant level for benzene is set at such a low value.
Table 7. The maximum contaminant levels for BTEX compounds as specified by the 1995
U.S. Code of Federal Regulations.
Benzene 0.005
Toluene 1.000
Eth Ibenzene 0.700
X 1enes (total) 10.000
* MCL is the maximum contaminant level
Based on the information already presented and on the maximum contaminant levels
for organic contaminants in drinking water in Table 7, which are based on public health and
odor concerns, there is a great amount of interest in new, more cost effective methods to
remediate water contaminated by BTEX compounds.
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CHAPTER
3. MATERIALS & METHODS
3.1 MATERIALS
3.1.1 GROUND RUBBER AND CHEMICALS
Scrap tire rubber, granulite rubber WRF series, was obtained from Baker Rubber
Inc., Chambersburg, PA., and used in both the batch and column tests as received. The
ground rubber was produced from whole passenger and/or truck tires or the equivalent
with the fabric and steel cord removed. The maximum fabric content of the ground tire
rubber by weight was 0.05%, and it was free of any metallic substances. The current
research was carried out using the WRF-10 and WRF-40 series ground rubber which were
finer than #10 and #40 ASTM sieve sizes, respectively. The average specific gravity of the
ground rubber was determined to be 1.20 by running two standard specific gravity tests
(ASTM D 854).
Chunks of rubber used in the desorption tests were cut from truck tire tread pieces.
These tread pieces were obtained from a local Interstate highway and contained no fabric or
metal cord.
The reagents used were 99.5% pure benzene obtained from Fisher Scientific
(Fairlawn, Nl), 99.9% pure toluene from Fisher Scientific (Fairlawn, Nl), 98% pure
ethylbenzene from EM Science (Gibbstown, Nl), and 97% pure anhydrous O-xylene
obtained from Aldrich Chemical, Co. (Milwaukee, Wisconsin). Methanol, which was
99.9% pure, and 99.5% pure acetone were also obtained from Fisher Scientific. Each
reagent was used as received.
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3.1. 2 SYRINGES
All syringes used were obtained from Hamilton Co. of Reno, Nevada. Several
sizes of syringes were used for sampling, analysis and dilution of various BTEX
compounds into aqueous solutions. Table 8 contains a list of the syringes used during the
research.
Gastight 5000 ilL 100 ilL Obtaining samples from inlet of#1005 column.
Gastight 500 ilL 10 ilL Injecting pure BTEX compounds into#1750 appropriate volumes of water for
dilution, and development of
calibration standards.
Gastight 100 ilL 1 ilL Injecting pure BTEX compounds into#1710 appropriate volumes of water for
dilution, and development of
calibration standards.
Microliter 10 ilL 0.2 ilL Injecting pure BTEX compounds into#701 appropriate volumes of water for
dilution, and development of
calibration standards.
Microliter 2 ilL 0.01 ilL Injecting samples into gas#7102 chromato a h
3.1.3 BATCH TEST APPARATUS
Batch tests were carried out in 300 mL BOD bottles with glass stoppers. Since
BTEX compounds tend to be hydrophobic, it was important that the batch reactor be made
of inert materials, such as glass. The thickness of the BOD bottles gave these containers
the much needed strength to go through the rigorous testing routine which consisted of
repeatedly being placed in an end over end rotator for several days at a time.
Liquid samples from the BOD bottles were placed in 40 mL sample vials with
Teflon septum caps obtained from National Scientific Company of Lawrenceville, GA. It
should be noted that the 40 mL sample vials held approximately 43 mL of water, not 40
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3.1.2 SYRINGES
All syringes used were obtained from Hamilton Co. of Reno, Nevada. Several
sizes of syringes were used for sampling, analysis and dilution of various BTEX
compounds into aqueous solutions. Table 8 contains a list of the syringes used during the
research.
Table 8. Descri tion of syringes used during research.
Gastight 5000 ~L 100 ~L Obtaining samples from inlet of#1005 column.
Gastight 500~L lO~L Injecting pure BTEX compounds into#1750 appropriate volumes of water for
dilution, and development of
calibration standards.
Gastight 100 ~L 1~L Injecting pure BTEX compounds into#1710 appropriate volumes of water for
dilution, and development of
calibration standards.
Microliter lO~L 0.2 ~L Injecting pure BTEX compounds into#701 appropriate volumes of water for
dilution, and development of
calibration standards.
Microliter 2~L 0.01 ~L Injecting samples into gas#7102 chromato ra h
3. 1.3 BATCH TEST APPARATUS
Batch tests were carried out in 300 rnL BOD bottles with glass stoppers. Since
BTEX compounds tend to be hydrophobic, it was important that the batch reactor be made
of inert materials, such as glass. The thickness of the BOD bottles gave these containers
the much needed strength to go through the rigorous testing routine which consisted of
repeatedly being placed in an end over end rotator for several days at a time.
Liquid samples from the BOD bottles were placed in 40 rnL sample vials with
Teflon septum caps obtained from National Scientific Company of Lawrenceville, GA. It
should be noted that the 40 rnL sample vials held approximately 43 rnL of water, not 40
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mL. The Teflon septum in the cap allowed for easy injection during analysis without
opening of the vial. Lastly, glass wool was used as a filtering media during transfer from
the BOD bottle to the sample vial. The glass wool would quickly filter out any unwanted
rubber particles during the transfer, and it would have minimal adsorption properties for the
BTEX compounds in solution since it is made from glass which is relatively inert.
3.1.4 COLUMN TEST APPARATUS
Figure 9 shows the packed bed column testing setup. Due to the hydrophobic
characteristics, and high volatility of the contaminants, it was very important to minimize
the amount of exposure to air, and active surfaces (Roy et aI., 1991). Therefore, most of
the system was sealed with glass or Teflon components. A 4.5L flexible Teflon air
sampling bag was used as the influent reservoir. The flexible bag minimized the
volatilization of contaminants from the aqueous solution since no air space was created as
the solute was drawn out of the bag. By minimizing losses in the reservoir over the period
of the test, a relatively constant influent concentration could be maintained.
A piston pump by Milton Roy Company of Florida, was used to keep the influent
moving through the column at a constant rate. The pump consisted of a housing made of
stainless steel with ball valves at both the inlet and outlet ports. The ball valves consisted
of a stainless steel ball that would seat itself into a Teflon gasket. To produce the positive
displacement in the pump an off centered wheel would push a spring loaded safire plunger
into the head of the pump' pushing fluid out of the pump head. The spring would pull the
safire piston back, filling the pump head with fluid from the influent line. The piston was
sealed using Teflon a-rings. The flow rate in the pump was adjustable by limiting the
recoil movement of the safire piston. According to the manufacture the flow rate of the
pump could be varied from 0.767 to 7.67 mL per minute.
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Figure 9. Packed bed column set up.
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Three columns were used during the course of the testing. The first column was a
1 cm inner diameter column and a height of 40 cm. The other two columns used has inner
diameters of 2.5 cm and heights of 40 and 20 cm. Each custom column was built by The
Glassblowers of Tumersville, New Jersey. As can be seen in Figure 9, most of the parts
in the column were made of glass or Teflon. The only exception to this rule was the viton
o-rings used to create a seal between the glass parts and the Teflon couplings at the inlet
and outlet of the column.
Samples from the influent and effluent of the column would be contained in 2 mL
deactivated glass vials sealed by caps lined with Teflon septums that were obtained from
Restek of Bellefonte, PA. The effluent from the bottom of the column would be directly
fed into the vial by pushing the luer lock stainless steel,needle through the septum of the
·0
sample vial and loosening the cap of the vial to allow for air to bleed out of the vial when it
was filling.
3.1.5 ANALYSIS EQUIPMENT
Chemical analysis of BTEX samples was completed on a HP 5880A gas
chromatograph with flame ionization detector. A 30 meter by .32 mm inner diameter
Restek (Bellefonte, PA) carbonx column was installed in the gas chromatograph. The
injection sleeve used was a open top unilinear with fused silica wool sleeve from Restek
(Bellefonte, PA). It was operated in the splitless mode throughout the analysis. The
carrier gas was 99.9999% Helium. The flame gas was a mix of dry grade compressed air
and hydrogen. One micro-liter of sample was directly injected into the column for analysis
using a Hamilton 7000 series 2 ilL syringe. The detection limit of the gas chromatograph
under direct aqueous injection conditions was about 0.5 ppm.
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A precision mass balance by Denver Instrument Company with a precision to one
tenth of a milligram was used to develop calibration standards and to monitor the mass
increase or decrease, of rubber chunks during sorption and desorption tests.
3.2 METHODS
3.2.1 CHEMICAL DILUTION
One-liter glass volumetric flasks were used to dilute the reagent chemical to the
appropriate concentration that the batch and/or column tests required. Up to 5 one-liter
volumetric flasks were used depending on the number of concentrations, and/or the amount
of contaminant solution needed. Each flask was washed using Alconox detergent, and then
rinsed several times with distilled-deionized water. Next, acetone was used to remove any
residual compounds that may still be adhering to the glass. Lastly, the flask was
thoroughly rinsed three times with distilled-deionized water (DDI water). This same
washing procedure was followed for all BOD bottles used during the batch testing as well.
After washing, the one-liter volumetric flasks were filled with distilled-deionized
water to the lL mark and capped with a glass stopper. Various size micro-liter syringes by
Hamilton Inc., Reno, NV., were used to inject the appropriate amount of pure reagent
grade contaminant solution into the lL volumetric flasks. The injection process was done
as quickly as possible to minimize volatilization losses. Injection was carried out by
placing the tip of the syringe below the surface of the water within the lL flask and
injecting as quick as possible. When the final injection was made to obtained the required
BTEX concentration the glass stopper was immediately placed on the 1 L flask. After
capping, the flask was inverted several times to mix the solution. During each inversion
the flask was agitated to create a whirlpool in the solution. This was continued until the
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free product, pure reagent, could not be seen anymore. This generally required about 3-13
minutes of agitation depending upon which BTEX compound was being diluted. At this
point the spiked solutions were ready to be used in either the batch or column tests. It
should be noted that some volatilization of the contaminant probably occurred into the free
air space of the volumetric flask. These losses were accounted for by running the blank
batch tests described later in the Batch Test Methods section and by taking samples of the
influent at the top of the column during the column tests.
A sample calculation for determining the amount of BTEX compound to inject for a
desired concentration is as follows. It should be noted that, the concentration that was
aimed for by this calculation is not used in the batch test mass balance equation, Equation
1, due to a number of possible volatilization losses during mixing and transfer. The final
concentration in the blank after a given equilibrium time was used as the initial
concentration in all batch test sets to account for various contaminant losses during the test.
1 · fb' 1 IL (mass of benzene reagent)(purity)ppm 0 enzene m water = mg =
Volume of water
(mass of benzene reagent)(0.995)
1 mglL = =} mass of benzene reagent =
lL
(l mg/L)(l L)
0.995
Therefore, the mass of benzene reagent needed was 1.005 mg. Next, the volume of
reagent to be injected needed to be determined:
mass of benzene reagent 1.005 mgVolume of benzene reagent = =-------=~--
density of pure benzene (1000 mg/g)(0.877 g/mL)
Therefore, the volume of benzene reagent needed to make 1L of 1 ppm contaminant
solution is 1.15 ilL.
61
3.2.2 CALIBRATION STANDARDS PREPARATION
Procedures outlined by EPA (1991) were followed to prepare the calibration
standards and to calibrate the gas chromatograph, with one exception. A 25 mL volumetric
flask was used instead of the 10 mL volumetric flask specified in the procedure and only
one standard dilution was made before making the aqueous calibration standard. The first
step specified was the initial dilution of the reagent grade compound. A precision mass
balance was used to determine the concentration in the first dilution step. A dry 25 mL
volumetric flask with glass stopper was filled to just below the 25 mL mark with methanol.
Prior to starting the dilution procedure, the amount of contaminant that will be injected into
.. the flask containing methanol was calculated. It was decided that a solution of 10,000
mglL of contaminant in the initial dilution standard would be required. Based on this target
concentration an approximate value for the amount of contaminant to inject could be
determined. The initial dilution standard will be referred to as the "standard" in this thesis.
The flask, partially filled with methanol was placed on a precision mass balance
manufactured by Denver Instrument Company. The flask was allowed to stand for a few
minutes to allow evaporation of any methanol that might have been adhering to the sides of
the flask. Next, the mass of the flask containing the methanol was noted and a
predetermined amount of contaminant compound was injected into the flask using the
appropriate capacity Hamilton syringe. The injection procedure consisted of carefully
lowering the syringe until the tip of the needle was just above the surface of the methanol,
without touching the glass of the flask. The contaminant was then carefully dripped into
the methanol, avoiding any splashing that may wet the sides of the flask above the surface
of the methanol. The syringe was then withdrawn from the flask, making sure that the
needle never touched the surface of the methanol liquid or the glass walls of the flask. The
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increase in mass was noted. The reason for extra care taken not to wet the sides of the
flask or to cause splashing at the surface was due to the high evaporation loses that might
occur causing error in the calculated concentration values. Finally, additional methanol was
added to the flask to fill the flask to the 25 mL mark. The solution was then inverted three
times for even mixing. Based on the known volume of methanol and the mass of
contaminant placed in the flask it is possible to determine the concentration of contaminant
in the initial dilution to approximately five tenths of a milligram per liter. Generally, the
dilution procedure resulted in concentrations at 10,000 ±200 mglL or parts per million
(ppm), fairly close to the calculated value of 10,000 mglL.
The initial dilution solution was then used to create required calibration solutions
that would be directly injected into the gas chromatograph. 43 mL sample flasks were used
to make the final calibration concentrations. The 43 mL vials were filled with distilled
deionized (DDI) water and sealed with the Teflon septum lined cap. Prior to injection, the
required amount of standard to inject was calculated to the nearest tenth of a micro-liter
based on concentrations calculated previously. Before a given volume of standard was
injected into the 43 mL flask, an equal volume of water was removed from the flask, using
the appropriately sized Hamilton syringe. Next, the syringe was flushed several times with
standard before the appropriate amount of standard was quickly injected. The syringe was
flushed several time with acetone and air between injections for all accounts. All calibration
samples were used within 5 hours of being mixed to minimize any errors in calibration of
the gas chromatograph due to volatilization or sorption to Teflon and glass surfaces.
The following is an example calculation of preparing a single calibration standard at
a benzene concentration of 10 ppm.
First, the amount of reagent grade benzene to inject into the "standard" to make 10,000
ppm in methanol is determined:
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(volume ofbenzene)(density)(purity)Concentration of standard =
volume of methanol
10,000 ppm benzene in methanol =
(volume ofbenzene)(0.877 g/mL)(0.995 g of benzene)
1 g of reagent
0.025 L of methanol
Therefore, the volume of benzene needed was 286.5 ilL. Next, based on the mass added
to the 25 mL of methanol, the true concentration of benzene in the standard was
determined.
Concentration of standard = (mass of benzene added)(purity)---------"'-----'-- =
volume of methanol
(255.8 mg)(0.995 g of benzene)
g of reagent
0.025 L
The final concentration of standard obtained was 10,180.8 ppm. Lastly, the volume of
standard to be injected into a 43 rnL vial filled with DDI water to make a 10 ppm benzene
calibration standard, was determined:
Concentration of calibration standard =
(concentration of standard)(volume of standard to inject)
volume of water
10 m IL = (10,180.8 mglL)(volume of standard to inject)
g 0.043 L
The volume of standard to inject was determined to be 42.2 ilL.
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3.2.3 CALIBRATION OF GAS CHROMATOGRAPH & COMPOUND
ANALYSIS
Operating conditions of the gas chromatograph were held constant as much as
possible throughout the project. Therefore, all chemical analysis and calibration was done
under the exact same conditions. Table 9 contains the equipment and operating conditions
employed. Procedures outlined by EPA (1991) and ASTM D2908 were followed to
calibrate the gas chromatograph and analyze the samples.
Isothermal temperatures in oven,
injector and detector. Oven Temp,
70°C; injector and detector temps,
225°C.
Carrier Gas - 99.9999% ure helium
Injector Sleeve - Open top uniliner with fused
silica wool injector sleeve by Restek
(Bellefonte, PA) was used.
Flame gases
Separation Column - RTX-1 Crossbonded
100% dimethyl polysiloxane, 30 m, 0.53 mm
ill, 5 p,m df column, obtained from Restek
(Bellefonte, PA)
Table 9. Equipment and corresponding operating conditions used for. chemical analysis on
gas chromatogra h
Five different calibration standards were made for each calibration period. The
concentration of each BTEX compound in each calibration standard was known. The first
injection consisted of DDI water. Starting with the calibration standard that contains the
lowest concentrations ofBTEX two to three 1 p,L injections were made for each calibration
standard. A 2 p,L Hamilton 7000 series syringe was used for all calibration and sample
injections. The number of injections made were very dependent on the reproducibility from
injection to injection for the same calibration standard. The ability to get highly
reproducible results on a manual injection gas chromatograph is difficult due to slight
variations in injection procedure, or human inconsistencies. Everything from reading the
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reproducible results on a manual injection gas chromatograph is difficult due to slight
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syringe scale to rate of injection effects the analysis (ASTM D2908). Therefore, there are
some unavoidable procedural errors associated with manual injection routines. This is the
main reason why two to three injections are required when calibrating a gas
chromatograph. Based on this procedure results for several injections of known BTEX
concentrations for five different concentrations would be obtained from the gas
chromatograph under a specific set of operating conditions. According to ASTM D2908
gas chromatographs with flame ionization detectors, operated under direct aqueous
injection conditions for organic compounds, have high sensitivity (::::: 1 mg/L) and a wide
linear range of detection, which allowed for the calibration of the gas chromatograph to take
place through a simple linear regression analysis of the calibration data for all BTEX
compounds.
Analysis of compounds by the gas chromatograph has several methods to convey
the results to the user. The gas chromatograph (GC) used in the current research was set to
integrate the area under any peaks that might occur during the run. During a sample
analysis run a printer is connected to the GC that prints a constant line which represents the
amount of resistance to a current between two highly charged plates found in the flame
ionization detector (Fill). Since the feed gases are very pure and contain very few ionizing
molecules and the temperature between the plates is kept constant, there is a constant
resistance between the plates. If another molecule that is more ionizable at high
temperatures passes between the plates it will lower the resistance between the plates for a
small amount of time before it is swept out by a continuous current created by the carrier
gas. This decrease in resistance is recorded on a chart as a deviation in baseline. Figure 10
contains a sample output of a calibration injection. Baseline is the point in time in which
the resistance level in the Fill is constant creating an unchanging line on the chart. If there
is a change in resistance a peak can sweep to the left or right depending upon whether there
is an increase or decrease in resistance, respectively. BTEX compounds are made up of
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carbon atoms that are ionizable under high temperatures which reduce the resistance and
cause peaks that move to the right on Figure 10. The area under these peaks can be
determined by the GC after completion of the analysis run. Thus, the areas determined
during a calibration session on the GC is related to the individual BTEX compounds and
their concentrations. Linear regression was then used to determine an equation that would
relate any peak produced by a 1~L injection to the concentration of a BTEX compound in
a solution, given identical operating conditions.
Water Peak @ 0.9 mins.
Toluene Peak @ 4.56 mins.
Ethylbenzene Peak @ 8.51 mins.
8.51
o-xylene Peak @ 10.53 mins.
10.53
Benzene Peak @ 2.47 mins.
4.58
0.90
2.47
Figure 10. Example output of gas chromatograph for Multiple BTEX calibration.
The most important part of a GC is its ability to separate molecules of different size
and mass. If it wasn't for this ability every compound that was injected would come
through the Fill at the same time producing one large peak that would not allow for the
determination of the individual compound concentrations. A very long tube that has a very
inert surface to organics and an inert carrier gas are used specifically for this separation
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process. The concept is simple. The carrier gas is the river and the column is the river
bed. The injected molecules can be considered sediment of extremely different sizes.
Some of the sediment will move very easily with the current others will move much more
slowly. Therefore, there is a separation process that occurs as the sediment (molecules)
move through the column. The longer the column the greater the gradation. As can be
seen in Figure 10 different compound peaks occur at different times. The lighter BTEX
molecules, such as benzene, move through the column much more faster than the heavier
molecules, such as O-xylene. Earlier calibration tests, not shown, were run injecting
calibration standards that contained a single BTEX compound to determine were each
BTEX peak would falL Therefore, when multiple BTEX compounds were present in a
single injection it was possible to determine what each peak represents based on the amount
of time it takes for the peak to occur after injection. Table 9 contains the operating
conditions of the gas chromatograph for which these peaks were obtained.
Using the HP 5880A gas chromatograph with flame ionization detector under the
cOI).ditions specified in Table 9, retention times were determined as follows: benzene 2.4
min, toluene 4.6 min, ethylbenzene 8.6 min, and O-xylene 10.6 min.
Analysis of samples was carried out under identical operating conditions.
Procedures outlined by ASTM D2908 for measuring volatile organic matter in water by
aqueous injection gas chromatography were followed. The injection syringe was rinsed 5
to 10 times between injections with DDI water. One micro-liter of solution was injected for
each analysis run. Two to three injections were generally used to obtain an average value
of the peak area for each BTEX compound. Using the calibration curves developed earlier
for each BTEX compound the concentration of the BTEX compound in solution could be
determined. Since, consecutive injections are allowed to have up to a 15% variance in peak
area to be acceptable, the variance on the concentrations obtained should be approximately
±15%.
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3.2.4 BATCH SORPTION TESTING METHODOLOGY
As mentioned earlier batch tests are required to obtain equilibrium sorption
capacities of a given sorbent for a specific sorbate. From the results of several batch tests it
is possible to develop an isotherm that will describe the sorption capacity of the sorbent
over a wide range of sorbate concentrations. The batch tests data required to develop these
sorption isotherms was obtained using the following methodology.
It should be noted that all batch and column tests were run at ambient room
temperatures (approximately 22°C). Increases in temperature increase the segmental
motion of the polymeric segments creating additional free space and additional energy for
diffusion of the solute into and through the polymer matrix. Therefore, the rate of sorption
and magnitude of solute sorption is very dependent upon the ambient temperature.
Almost all the batch tests were run in the same manner. Each BOD bottle was
washed and rinsed in the same manner described earlier for the 1 L volumetric flasks.
Volatilization was accounted for by running "blank" batch tests. For each batch test being
run at a given concentration a "blank" batch test was run, which contained no sorption
media, but the same stock solution and exact same preparation and analysis procedure.
Generally, two batch containers containing the identical amounts of sorption media were
run with a single "blank" batch test. This procedure provided duplicate results for each
batch test. At the end of the equilibration time, decant samples were taken from all batch
tests including the blanks. The final concentration of the blank batch test was used as the
initial concentration (Co' in Equation 1) of the other batch tests using the same stock
solution. Therefore, any volatilization that occurred during initial mixing of the stock
solution or during transfer between containers could be accounted for. This method also
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helped to account for any losses associated with sorption of the contaminant to the batch
test container surfaces.
Batch test procedures consisted of placing a known mass of air dry ground rubber
into the dry BOD bottle. Next, spiked solution was poured quickly but carefully into the
BOD bottle containing the ground rubber. Due to the poor wettability of ground rubber,
the BOD bottle had to be shaken for about 10 seconds to wet all the rubber as best as
possible. Mterwards, the glass stopper was removed and the bottle was filled. The most
difficult step was placing the glass stopper on a full BOD bottle due to the floating rubber
interfering with placement of the glass stopper. Therefore, the time required for closure
varied slightly from bottle to bottle but was always less than 5 minutes. Again, some
volatilization probably occurred during the sealing process which was accounted for by
using "blank" batch test results which involved the same solute and closure procedure but
no ground rubber. Once a good seal was obtained with no air bubbles within the BOD
bottle, water proof tape was used to make sure the glass stopper did not come off during
end-over-end rotation.
The batch reactors were placed in an end-over-end rotator for the duration of the
equilibration period. Procedures outlined by Roy et al. (1991) were followed to determine
the required equilibration time for the batch reactors. The time for equilibrium to occur was
determined by running several identical reactors for various time periods. Due to possible
volatilization losses and sorption to glass surfaces, a blank was run with each batch test and
its concentration at the end of the test was used as the initial liquid concentration for batch
tests using the same contaminant solution from the 1L volumetric flask. The blank was
filled with the samesolute as its two counter parts but contained no ground rubber.
Samples were taken from the five separate batch reactors after 0, 1hr, 24hrs, 48hrs and
72hrs of agitation. Glass wool was used as a filter to remove any ground rubber in the
decant. The EPA suggested guidelines for determining equilibrium was followed (Roy et
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al., 1991). Accordingly, equilibrium occurs when the solute concentration did not change
more than 5% in a 24 hour interval.
Once the required time for equilibration to occur was determined, batch tests were
carried out to obtain equilibrium sorption ability of ground rubber under various
contaminant concentrations. Benzene batch tests consisted of running two identical batch
reactors and a blank reactor for each contaminant concentration. After equilibration
occurred the samples were transferred into 40 rnL sample vials with Teflon lined septum
screw-on lids and sealed immediately with no head space. All samples were kept at 4°C
and were analyzed within 24 hours.
3.2.5 BATCH DESORPTION TESTING METHODOLOGY
Desorption tests were run to determine the reversibility of the sorption process and
to show that the process of sorption did include absorption. Batch desorption tests
basically consisted of placing a sorbent that has reached some equilibrium with a sorbate
into a new batch container that contains only DDI water. The DDI water is allowed to
contact the sorbent for the same amount of time that the sorption process required to obtain
equilibrium. A sample of the solution in the batch desorption reactor was taken at the end
of this time period to determine the concentration of sorbate in the DDI water. A mass
balance was used to determine the total mass desorbed from the sorbent.
Due to the difficulty of working with ground rubber in the desorption experiments
which included rapidly rinsing the ground rubber to remove any contaminated fluid from its
surface, large rubber chunks were used instead. The rubber chunks were cut from a scrap
piece of rubber picked up off one of the local interstates. The piece of rubber obtained
appeared to have been part of a tractor trailer tire. The rubber chunks were cut from the
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tread section of the tire. They were rinsed with DDI water to remove any soil. No other
special precleaning treatment was carried out on any of the rubber chunks.
Desorption test procedure consisted of running a sorption test first and then
desorbing the sorbate from the rubber chunks. Before starting the sorption test, the mass
of the rubber chunks were determined after being submerged in water for several days. All
surface water was blotted off with a paper towel prior to being weighed. After weighing,
sorption batch tests along with "blanks" were run using the rubber chunks as the sorbent.
After allowing three days for sorption, a sample of solution was taken an analyzed as
described earlier. A mass balance procedure was used to determine the amount of sorbate
sorbed by the rubber chunks. The rubber chunks were quickly removed from the batch
sorption container blotted dry with a paper towel and then weighed again. This allowed for
the determination of the amount of sorbate mass sorbed by each rubber chunk.
Immediately after weighing, the rubber chunk was placed in a new batch reactor containing
only DDI water. The batch reactor was sealed and placed in an end over end rotator for
three days. After three days the batch container was removed from the rotator and a sample
of the DDI water was taken for analysis. The rubber chunks were reweighed using the
methodology described above, and immediately placed into another batch reactor containing
only DDI water. This process continued until concentration levels of the contaminants
were either extremely low, or when approximately 25 days of desorption was reached.
3.2.6 PACKED BED COLUMN TESTING METHODOLOGY
Packed bed column tests are run to determine the utilization efficiency of a specific
amount of sorbent under a given loading rate. The utilization efficiency is a measure of the
sorbents ability to reach its sorption equilibrium capacity, determined from batch tests, at
average influent concentrations.
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Cleaning and rinsing of all glassware, and column parts was performed in the same
manner as specified for BOD bottles and lL volumetric flasks. All contaminant solutions
were prepared using the same process outlined in the Chemical Dilution section.
After cleaning the column, the bottom coupling and glass frit was screwed on.
Initially half of a known mass of ground rubber is placed in the column and packed down
with a long wooden dowel. The rest of the rubber is rained into the column and packed
down to a predetermined height. When packing is complete, a glass frit is placed on top of
the packed bed of ground rubber to keep the rubber from being displaced when filling the
column with contaminant solution. The glass frit also helped to keep rubber particles from
floating. Regardless of the precautions, some rubber particles still escaped from under the
glass frit and floated to the top of the column. However, the amount of rubber that floated
to the top of the column was negligible.
After filling and packing, the packed bed was filled from the bottom of the column
to the top of the packed bed with DDI water. The filling process was completed slowly to
allow for as much air as possible to escape upwards and out of the packed bed. In addition
to the slow filling process, once the top of the packed bed was below the water level a
small doweling was used to repetitively, lightly compact the packed bed which would force
more of the trapped air out of the bed. The presence of air pockets in the packed bed
sorption media could cause short circuiting or channeling, reducing the sorption capacity of
the rubber. However, due to the hydrophobic nature of ground rubber it was not always
possible to remove all the air within the packed column media. Finally, the a small amount
of DDI water was drained from the packed bed until the surface of the water was just above
the packed bed keeping the bed saturated.
Next, the Teflon air sampling bag was filled with the contaminant solution and
connected to the Teflon tubing leading to the pump and column. After flushing the tubing
with contaminant solution to remove all air pockets, the empty space in the column was
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filled with contaminant solution. When the tubing was filled the tubing was connected to
the column and all the air was bled out of the column through the inlet sampling port. Once
the system was as air free as possible, the column test system was sealed and the test
started. The first set of samples were always taken from the inlet and outlet port at the
beginning of the test run.
The packed bed column test methodology consisted of sampling both the influent
and effluent of the column at various points in time during the test (See Figure 9). Effluent
samples were obtained by inserting the luer lock needle into the septum on top of a 2 rnL
vial. The lid of the vial was loosened slightly to allow air being displaced to escape. Upon
filling the bottle was removed from the needle and the cap was tightened. Influent samples
where taken to account for any losses caused by volatilization during mixing or transfer
between containers, and to account for any losses caused by sorption to surfaces before the
contaminant solution entered the packed bed column. Influent samples were obtained by
using a large gas tight syringe to withdraw a sample through the septum port on the upper
part of the column (See Figure 9). The fluid in the syringe was immediately placed into the
2 mL vial, and sealed. Both influent and effluent samples were taken at the same time
which helped to determine the mass of contaminant the ground rubber was sorbing. All
collected samples were kept at 4°C and where analyzed within 24 hours, as described
earlier.
The single contaminant column tests was terminated shortly after breakthrough was
determined to have occurred. The breakthrough concentration for BTEX compounds
varied based on the detection level of the method being used and the maximum drinking
water concentrations specified in Table 7. If the drinking water standard for the BTEX
compound was below the detection level of the analysis method then the breakthrough
concentration was chosen to be 1 mglL which is slightly above the detection level of the gas
chromatograph using direct aqueous injection. If the BTEX drinking water standard was
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above the detection level for the analysis method then the drinking water standard was used
as the breakthrough concentration. The last sample below the specified breakthrough
concentration was used as the cut off point in determining the utilization efficiency of the
sorption media. The main reason for using this procedure was because samples were taken
periodically, therefore it was not possible to determine the exact point in time breakthrough
had occurred.
In the multiple contaminant column tests the same procedure described for the
single contaminant column tests was followed except the tests were terminated when all
BTEX contaminants in the effluent were above breakthrough concentrations specified
earlier. Therefore, samples were analyzed for all BTEX compounds until all the
compounds in the effluent were at concentrations above the specified breakthrough
concentrations.
3.2.7 SPECIFIC GRAVITY DETERMINATION METHODOLOGY
Procedures specified by ASTM D854, Specific Gravity of Soil Solids, were
followed to determine the specific gravity of the ground tire rubber. The ground tire rubber
was tested as obtained from manufacturer. Two 500 mL flasks were used to determine the
specific gravity of the rubber. A predetermined mass of ground tire rubber was placed into
the 500 mL flasks along with deaired water. The mixture was shaken until all the rubber
was wet, then a vacuum was applied to each flask for ten minutes. The mixture and rubber
was massed at the appropriate times with an electronic balance Model XL-3KD obtained
from Denver Instrument Company accurate to 0.01 grams as required by ASTM standard.
3.2.8 PARTICLE SIZE DETERMINATION METHODOLOGY
To determine the particle size distribution of all tire rubber shipments obtained from
Baker Rubber Inc., ASTM D422 test method was used. The ground tire rubber was tested
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as obtained from manufacturer. The following stack of sieves listed in Table 10 were used
to determine the size distribution of the tire rubber as received from Baker Rubber Inc:
4
10
16
30
40
100
200
Pan
Sieve sizes used for round rubber particle size analysis.
All the ground tire rubber was sieved under air dry conditions, no wet sieving was done.
Each sieve was massed prior to being placed in the stack. A PJ~-massed amount of rubber
was placed on top of the sieve stack. The sieve stack was capped and placed in a
mechanical shaker for ten minutes. After shaking the individual sieves were massed again,
the difference in mass was the amount of rubber retained on that sieve.
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as obtained from manufacturer. The following stack of sieves listed in Table 10 were used
to determine the size distribution of the tire rubber"as received from Baker Rubber Inc:
Table 10. Sieve sizes used for ground rubber particle size analysis.
4
10
16
30
40
100
200
Pan
4750
2000
1190
600
425
150
75
All the ground tire rubber was sieved under air dry conditions, no wet sieving was done.
Each sieve was massed prior to being placed in the stack. A pre-massed amount of rubber
was placed on top of the sieve stack. The sieve stack was capped and placed in a
mechanical shaker for ten minutes. After shaking the individual sieves were massed again,
the difference in mass was the amount of rubber retained on that sieve.
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CHAPTER
4. RESULTS & DISCUSSION
4.1 OUTLINE OF TESTS PERFORMED
The objective of the current research was to determine the ability of scrap tire
rubber to sorb various BTEX compounds from aqueous solutions. Several tests were
required to determine the feasibility of using ground tire rubber, obtained from Baker
Rubber Inc. of Chambersburg, PA, as a sorbent. The first two tests, specific gravity and
particle size distribution, were run to determine some of the physical attributes of the
rubber. Development of these physical characteristics would later help in calculating the
amount of contaminant sorbed by the rubber. The next set of experiments consisted of
batch sorption tests. These tests helped to initially determine whether tire rubber would
sorb BTEX compounds to any significant degree from aqueous solutions. Based on these
tests, isotherms could be fit to the data and compared to other sorption media isotherms
when exposed to the same BTEX compounds.
Next, packed bed column tests were run to determine the utilization efficiency of the
ground rubber under various contact times which would help to determine how practical the
media would be to use in field remediation or containment applications. In addition to these
tests, desorption batch tests needed to be run to determine the ability of the ground rubber
to be regenerated. Regeneration analysis was required to help determine how economical
ground tire rubber would be to use as a sorbent, since shipping and disposal costs can be
so high that it makes many sorbents economically undesirable. Finally, the most important
question was tentatively answered with a very rough estimate of the costs associated with
using ground tire rubber versus using granular activated carbon in a remediation scheme.
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4.2 SPECIFIC GRAVITY & SIZE DISTRIBUTION OF
GROUND RUBBER SAMPLES
It is recommended that the sorbent should have a mean particle size < 75J.lm in
batch studies in order to minimize the time to equilibrium (Crouthamel, 1995). Ground
rubber of this size was not available, therefore separate equilibration tests were run for all
sorption scenarios to determine the required equilibration contact times.
Due to the hydrophobic nature of the rubber and its tendency to disperse and float in
water when a large vacuum was applied, it was difficult to completely deairate the 500 mL
flasks used in the specific gravity test by ASTM D854. This occurrence may have
contributed a small amount of error to the results. Table 11 contains the results of the tests.
The average specific gravity obtained for the two tests was 1.20 g/cm3•
Table 11. S ecific gravit tests results.
Volume of Flask
Mass of Flask, Water & Rubber
Mass of Fluid & Flask
Mass of D in Dish
Mass of Dish & Rubber
Mass of Rubber
Mass of Water Dis laced b Rubber
Temperature Correction Factor (ex.)
S ecific Gravi
500mL
688.0 g
679.5 g
289.0
339.0
50.0
41.5
1
1.20 g/cm
500mL
696.3 g
687.5
325.0
377.5 g
43.2 g
43.2
1
1.20 g/cm
Two batches of ground tire rubber were obtained from Baker Rubber Inc., Batch A
and Batch B. The first batch, Batch A, was labeled as WRF-40 Series rubber. The second
batch, Batch B, obtained at a later date from Baker Rubber Inc. was also marked as WRF-
40 Series rubber, but the particle size was much smaller. The WRF-40 Series rubber
should contain rubber particles in which the majority would pass a #40 sieve. Visual
confirmation and results of the following sieve analysis indicated that the first batch of
rubber used was most likely not WRF-40 Series rubber. According to Baker Rubber Inc.
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confirmation and results of the following sieve analysis indicated that the first batch of
rubber used was most likely not WRF-40 Series rubber. According to Baker Rubber Inc.
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specification for WRF Series rubber, Batch A was probably WRF-lO Series rubber. A
product specifications sheet can be found in Appendix A. Since, Batch B rubber has a
much smaller diameter the amount of time to obtain equilibrium would be less, therefore
additional equilibration tests were not run on the WRF - 40 rubber or Batch B. Table 12
contains the raw batch test data and Figure 11 contains a particle distribution curve. Batch
A, WRF-I0 Series rubber was used as received in all batch and column tests unless
otherwise noted.
Table 12. Sieve anal sis of Ground Rubber Batches A & B.
4
10
1
30
40
100
200
Pan
:::
4.3 BATCH TESTS
4.3.1 EQUILIBRIUM DETERMINATION FOR BTEX COMPOUNDS AND
GROUND TIRE RUBBER
The first step in developing a sorption isotherm, as specified by Roy et al. (1991),
is to determine the amount of time the sorption media, ground rubber, needs to be in
contact with the contaminant solution for equilibrium to be obtained between the
concentration of contaminant in solid and liquid phases. This first test was run to
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specification for WRF Series rubber, Batch A was probably WRF-lO Series rubber. A
product specifications sheet can be found in Appendix A. Since, Batch B rubber has a
much smaller diameter the amount of time to obtain equilibrium would be less, therefore
additional equilibration tests were not run on the WRF - 40 rubber or Batch B. Table 12
contains the raw batch test data and Figure 11 contains a particle distribution curve. Batch
A, WRF-lO Series rubber was used as received in all batch and column tests unless
otherwise noted.
Table 12. Sieve analysis of Ground Rubber Batches A & B.
~~~~~~
4 813.0 813.0 0.0 0.0 100.0% 100.0%
10 436.0 436.0 0.0 0.0 100.0% 100.0%
16 731.0 05.0 126.0 0.0 59.0% 100.0%
30 557.0 439.9 244.0 0.9 20.6% 99.6%
40 423.0 422.0 273.0 28.9 11.2% 85.6%
100 434.0 544.5 306.0 172.4 0.5% 13.9%
200 346.0 369.9 307.0 197.3 0.1% 1.5%
Pan 474.0 474.4 477.0 307.4 200.3 0.0% 0.0%
Total Mass of 307.4 200.3
Rubber (g):
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4.3.1 EQUILIBRIUM DETERMINATION FOR BTEX COMPOUNDS AND
GROUND TIRE RUBBER
The first step in developing a sorption isotherm, as specified by Roy et al. (1991),
is to determine the amount of time the sorption media, ground rubber, needs to be in
contact with the contaminant solution for equilibrium to be obtained between the
concentration of contaminant in solid and liquid phases. This first test was run to
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determine the equilibrium time required for all future batch tests. The equilibration time
was determined for each sorption scenario following the suggestion that there is a clear
danger in assuming that the equilibration time for one sorbent-solute system is equal to the
equilibration time for a similar sorbent-solute system under slightly different conditions
(Roy et aI., 1991). Since, batch tests were going to be run with one BTEX compound
present at a time and then with all BTEX compounds present at the same time, equilibration
tests needed to be run for each combination.
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Figure 11. Ground rubber particle size distribution curve.
Tables 13 through 16 contain the results of all the batch tests run to determine the
equilibrium time for each combination of BTEX compound in solution. The bulk of the
ground rubber particle sizes ranged from 2 to 0.6 rom in diameter (WRF - 10) for all batch
tests run (See Table 12). Roy et al. (1991) suggested that "the equilibrium time should be
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the minimum amount of time needed to establish a rate of change of solute concentration
equal to or less than 5% per 24 hour interval."
Change in Concentration < 0 05 24 h' I
--:::....------- _. per our mterva
Change in time
It was difficult to directly determine if this point was reached based on solution
concentration only. As can be seen in Tables 13 through 16 the concentration of the
blanks, which were used as the initial concentrations in the mass balance equation
(11)
(Equation 1), were not equal even though equal amounts of contaminant were mixed into
all 1 L dilution flasks. Some of the variation between blank batch test concentrations may
have been due to analysis error but most of it was due to contaminant losses during
dilution, mixing and transfer causing variations in initial contaminant concentrations
between sets of batch tests. Each set of batch tests (2 identically filled BOD bottles) and a
blank was filled from aIL flask in which the BTEX contaminant was dissolved into DDI
water. Therefore, if concentrations in each 1 L flask varied, the initial concentrations
obtained from the blank in each set would vary. Based on gas chromatography analysis of
blank batch tests, initial contaminant concentrations varied significantly even through much
care was taken to inject equal amounts of contaminant in each flask. Since, final
concentrations were based on the initial concentrations of the solution in the 1 L flasks,
variations in the initial concentrations would cause variations in the final results making it
very difficult to determine when the concentration change was ~ 5% in a 24 hour period.
As can be seen from the test results for benzene (Table 13), the final concentration in the
batch reactors between the 24 and 48 hour periods differed by less than 5%, but the starting
concentration obtained from the blank batch reactors were not equal. Determination of
when equilibration occurred was very difficult based solely on the final BTEX
concentration in the individual batch reactors. Therefore, variations in the starting
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concentrations and the values calculated for mass of contaminant sorbed per unit mass of
sorbent were taken into consideration along with final concentrations to decide when
equilibrium had occurred.
Table 13. Ground rubber - Benzene determination of e uilibration time.
5.0 50 1 21.71
0.0 (blank) 50 1 27.49
5.0 50 24 13.94 0.9851
0.0 (blank) 50 24 30.59
5.0 50 48 13.84 1.1068
0.0 (blank) 50 48 32.54
5.0 50 72 14.94 1.3145
0.0 (blank) 50 72 37.16
Table 14. Ground rubber - Toluene determination of e uilibration time.
106 5.0 50 24 8.34 2.3658
273 5.0 50 24 10.45 2.2407
168 0.0 (blank) 50 24 48.33
52 5.0 50 48 6.77 1.9802
286 5.0 50 48 8.53 1.8761
29 0.0 (blank) 50 48 40.24
158 5.0 50 72 8.76 2.3601
160 5.0 50 72 8.99 2.3469
271 0.0 (blank) 50 72 48.65
109 5.0 50 96 9.66 2.1186
162 5.0 50 96 9.06 2.1539
284 0.0 (blank) 50 96 45.46
150 5.0 50 120 8.48 1.9832
28 5.0 50 120 9.54 1.9201
270 0.0 (blank) 50 120 42.00
The following is an example of the mass balance equation for a batch reactor
(Equation 1) being used to determine the amount of benzene sorbed per unit mass of
ground rubber for the 72 hour equilibration period.
82
concentrations and the values calculated for mass of contaminant sorbed per unit mass of
sorbent were taken into consideration along with final concentrations to decide when
equilibrium had occurred.
1.1068
1.3145
0.9851
13.84
13.94
37.16
32.54
30.59
14.94
27.49
21.71
1
1
24
48
72
48
24
72
5.0
5.0
5.0
5.0
0.0 (blank)
0.0 (blank)
0.0 (blank)
0.0 (blank)
29
28
162
150
132
158
284
168
Table 13. Ground rubber - Benzene determination of equilibration time.
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Table 14. Ground rubber - Toluene determination of equilibration time.
106 5.0 50 24 8.34 2.3658
273 5.0 50 24 10.45 2.2407
168 0.0 (blank) 50 24 48.33
52 5.0 50 48 6.77 1.9802
286 5.0 50 48 8.53 1.8761
29 0.0 (blank) 50 48 40.24
158 5.0 50 72 8.76 2.3601
160 5.0 50 72 8.99 2.3469
271 0.0 (blank) 50 72 48.65
109 5.0 50 96 9.66 2.1186
162 5.0 50 96 9.06 2.1539
284 0.0 (blank) 50 96 45.46
150 5.0 50 120 8.48 1.9832
28 5.0 50 120 9.54 1.9201
270 0.0 (blank) 50 120 42.00
The following is an example of the mass balance equation for a batch reactor
(Equation 1) being used to determine the amount of benzene sorbed per unit mass of
ground rubber for the 72 hour equilibration period.
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Mass of benzene sorbed (mg)
=
Mass of ground rubber (g)
(v I f (mL) Mass of rubber (gram) Jo . 0 reactor - ---------'=----
Rubber specific gravity (g/mL) *
(Mass of ground rubber (gram))(lOOO mLlL)
(Initial Conc.(blank) - Final Cone. (mglL))
( 300mL- 5 grams J(37.16-14.94 mglL)Mass of benzene sorbed (mg) = 1.2 g/mL =
Mass of ground rubber (g) (5 grams)(1000mLlL)
1.3147 mglL
Table 15. Ground rubber - Eth lbenzene determination of e uilibration time.
270 o(blank) 50 24 37.87
79 5 50 24 3.21 2.0510
132 5 50 24 2.62 2.0860
158 o(blank) 50 48 42.98
168 5 50 48 2.62 2.3883
162 5 50 48 2.11 2.4183
286 o(blank) 50 72 38.82
160 5 50 72 2.36 2.1570
109 5 50 72 2.36 2.1570
273 o(blank) 50 96 38.73
28 5 50 96 2.49 2.1442
284 5 50 96 2.82 2.1248
52 o(blank) 50 120 44.59
285 5 50 120 4.06 2.3979
150 5 50 120 2.83 2.4709
Based on the test results presented it was conservatively decided that 3 days would
be a sufficient time period for equilibrium to occur. The limiting case seemed to be benzene
(Table 13). The other BTEX compounds seem to approach equilibrium very quickly,
within the first day. It should also be noted that all batch and column tests were run at
ambient room temperatures (approximately 22°C).
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Mass of benzene sorbed (mg)
=
Mass of ground rubber (g)
(v 1 f (mL) Mass of rubber (gram) )o . 0 reactor ----------=---
Rubber specific gravity (g/rnL) *
(Mass of ground rubber (gram))(1000 mL/L)
(Initial Conc.(blank) - Final Conc. (mg/L))
( 300rnL - 5 grams )(37.16 -14.94 mg/L)Mass of benzene sorbed (mg) = 1.2 g/mL =
Mass of ground rubber (g) (5 grams)(1000mL/L)
1.3147 mg/L
Table 15. Ground rubber - Ethylbenzene determination of equilibration time.
270 o(blank) 50 24 37.87
79 5 50 24 3.21 2.0510
132 5 50 24 2.62 2.0860
158 o(blank) 50 48 42.98
168 5 50 48 2.62 2.3883
162 5 50 48 2.11 2.4183
286 o(blank) 50 72 38.82
160 5 50 72 2.36 2.1570
109 5 50 72 2.36 2.1570
273 o(blank) 50 96 38.73
28 5 50 96 2.49 2.1442
284 5 50 96 2.82 2.1248
52 o(blank) 50 120 44.59
285 5 50 120 4.06 2.3979
150 5 50 120 2.83 2.4709
Based on the test results presented it was conservatively decided that 3 days would
be a sufficient time period for equilibrium to occur. The limiting case seemed to be benzene
(Table 13). The other BTEX compounds seem to approach equilibrium very quickly,
within the first day. It should also be noted that all batch and column tests were run at
ambient room temperatures (approximately 22°C).
83
Table 16. Ground rubber - Multi Ie BTEX determination of e uilibration time.
Equi- Final Mass Final Mass Mass TotalBTEX
librium Cone. Sorbed Cone. Sorbed Sorbed Mass
Time (hrs) (ppm) (mg/g) (ppm) (mg/g) (mg/g) Sorbed
(mg/g)
24 39.61 43.78 46.62 48.99
24 15.43 1.43 5.78 2.25 2.13 2.63 2.19 2.77 9.08
24 16.94 1.34 7.07 2.17 2.66 2.60 2.67 2.74 8.85
48 41.72 44.13 43.87 45.42
48 18.17 1.39 7.78 2.15 2.93 2.42 3.08' 2.50 8.47
48 16.22 1.51 7.17 2.19 2.54 2.44 2.47 2.54 8.68
72 45.65 45.15 40.36 44.61
72 18.63 1.60 7.04 2.25 2.66 2.23 2.89 2.47 8.55
00 72 16.40 1.73 6.20 2.30 2.56 2.24 2.51 2.49 8.76~
96 46.35 46.98 40.80 43.94
96 21.67 1.46 6.80 2.38 1.97 2.30 2.09 2.48 8.61
96 22.16 1.43 6.75 2.38 2.35 2.28 2.44 2.46 8.54
INTENTIONAL SECOND EXPOSURE
Table 16. Ground rubber - MUltiple BTEX determination of equilibration time.
m!Diill~i~li~
Equi- Final Mass Final Mass Final Mass Final Mass Total BTEX
librium Cone. Sorbed Cone. Sorbed Cone. Sorbed Cone. Sorbed Mass
Time (hrs) (ppm) (mg/g) (ppm) (mg/g) (ppm) (mg/g) (ppm) (mg/g) Sorbed
(mg/g)
24 39.61 43.78 46.62 48.99
24 15.43 1.43 5.78 2.25 2.13 2.63 2.19 2.77 9.08
24 16.94 1.34 7.07 2.17 2.66 2.60 2.67 2.74 8.85
48 41.72 44.13 43.87 45.42
48 18.17 1.39 7.78 2.15 2.93 2.42 3.08 2.50 8.47
48 16.22 1.51 7.17 2.19 2.54 2.44 2.47 2.54 8.68
72 45.65 45.15 40.36 44.61
72 18.63 1.60 7.04 2.25 2.66 2.23 2.89 2.47 8.55
00 72 16.40 1.73 6.20 2.30 2.56 2.24 2.51 2.49 8.76.j:::..
96 46.35 46.98 40.80 43.94
96 21.67 1.46 6.80 2.38 1.97 2.30 2.09 2.48 8.61
96 22.16 1.43 6.75 2.38 2.35 2.28 2.44 2.46 8.54
4.3.2 ISOTHERM DEVELOPMENT FOR SINGLE & MULTIPLE
CONTAMINANT SOLUTIONS
The next step in the evaluation of a material for its capacity to sorb various
contaminants is to develop sorption isotherms. The isotherm allows the investigator to
predict the amount of contaminant the prospective sorbent will be able to sorb under
equilibrium conditions at a given contaminant concentration in solution.
4.3.2.1 Determination of Best Fitting Isotherm
In the current research three relatively common sorption isotherms, the linear
isotherm, the Fruendlich isotherm and the Langmuir isotherm (Equations 2 through 4),
were fit to the batch sorption test data. The best fitting isotherm model, designated from the
coefficient of determination (Equation 7), was later used to determine the utilization
efficiency (Equation 8) of the sorbent in packed bed column tests. Additionally, the
development of these isotherms allowed for a comparison of the ability of ground rubber to
sorb BTEX compounds to the ability of other sorption media, such as activated carbon, to
sorb BTEX compounds. The equilibrium sorption data tables for all scenarios including
multiple compound sorption can be found in Appendix B. The method utilized to
determine the sorption ability of the ground rubber was exactly the same as the example
calculations shown in section 4.3, using Equation 1.
Once the data was obtained and sorption values calculated, the equilibrium
concentration and the sorption values for the ground rubber were fit to each of the three
isotherms mentioned. As discussed earlier in the SorptionlDesorption Modeling section,
the data was linearized as required and a linear regression was performed to determine the
respective coefficients of the isotherms. Appendix B contains the entire data tables,
linearized values and regression analysis for each sorption scenario; benzene only, toluene
85
only, ethylbenzene only, O-xylene only and multiple BTEX compounds present. Tables
17 and 18 give a brief summary of the regression results including the isotherm constants at
the 90% and 95% confidence level.
After reviewing the regression analysis, the best fitting isotherm is the Fruendlich
isotherm for all but one of the cases. The r values for the Fruendlich isotherms ranged
from 0.887 to 0.998. The only exception is the batch test data for ethylbenzene, it is fit
better by the linear isotherm (0.937) than by the Fruendlich isotherm (0.887). Since both
r values are fairly high and all the other BTEX compounds are best modeled by Freundlich
isotherms, the Fruendlich isotherm was used for all BTEX sorption column tests to keep
analysis consistent when determining utilization efficiency in packed bed column tests.
This conclusion is reasonable since the Fruendlich isotherm is able to model a wide variety
of processes and has been used in a large number of situations to describe both adsorption
and absorption processes (Dobbs and Cohen, 1980; Sawyer et aI., 1994; Tchobanoglous
and Schroeder, 1987). Park et al. (1993) modeled the sorption of various compounds by
tire chips using linear sorption isotherm. This was also a reasonable approach since the
linear isotherm can approximate the Fruendlich isotherm over small changes in
concentration. In addition, Park et al. (1993) had another more important reason to use the
linear isotherm, they were incorporating the resulting is,otherm into a packed bed column
mathematical transport model. The use of the Fruendlich isotherm would have made the
computations difficult which was not justified since they were working over such small
concentration ranges.
There are two major drawbacks to using any of these isotherms. The first major
drawback is it cannot be extrapolated with confidence beyond the experimental range used
for its construction. The other drawback is it will not yield a maximum capacity term,
which in many cases is a convenient single-value number that estimates the maximum
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Table 17. Best fit isotherms and [2 values for all three isotherms and all four BTEX comoounds.
Benzene I q = 0.083Ceq I 0.883 I q=0.157Ceq0877 I 0.937 Iq = (0. 130)Ceq)/ I 0.362(1 +0.00745Ceq)
Single Toluene q = 0.26lCeq 0.957 q=0.283Ceq0970 0.987 q = (0.269)Ceq)/ I 0.025Contaminant (1 +0.00168Ceq)
Present Ethylbenzene q = 0.767Ceq 0.937 q=0.85lC 0.935 0.887 q = (0.788)Ceq)/ I 0.012eq (1 +0.00730Ceq)
~I I O-xylene q = 0.857Ceq 0.988 q=0.625Ceq~ 0.998 I NA I NA
I I
Benzene - - q=0.069C 0.980 I 0.823eq
AU BTEX Toluene q=0.308C 0931 I 0.869Contaminants - - eq
Present Ethylbenzene q=0.846C 0.930 I 0.876- - eq
-
O-xylene I - I Iq=0.887Ceq0892l 0.874
* Variables defined earlier for Equations 2 through 7. Ceq is in mgIL, q is in mg/g.
Table 17. Best fit isotherms and r2 values for all three isotherms and all four BTEX ·comDounds.
Benzene II q = 0.083Ceq I 0.883 II q=0.157Ceq0877 I 0.937 I q = (0. 130)Ceq)/ I 0.362
(1 +0.00745Ceq)
Single Toluene q = 0.261Ceq 0.957 q=0.283Ceq0970 0.987 q = (0.269)Ceq)/ I 0.025Contaminant I (l+0.00168Ceq)
Present Ethylbenzene q = 0.767Ceq 0.937 q=O 851C 0.935 0.887 q = (0.788)Ceq)/ I 0.012. eq
(l +0.00730Ceq)
~I I O-xylene q = 0.857Ceq 0.988 q=0.625C 1.11 I 0.998 I NA I NAeq
Benzene q=0.069Ceq0980 I 0.823
I
All BTEX I Toluene q=0.308Ceq0931 I 0.869Contaminants
Present
I Ethylbenzene I I I q=0.846Ceq0930 I 0.876
-
I O-xylene I I - Iq=0.887Ceq0892 I 0.874
* Variables defined earlier for Equations 2 through 7. Ceq is in mglL, q is in mg/g.
Table 18. U er and lower confidence levels for all Fruendlich isotherm constants.
Benzene 0.221 1.000 0.111 0.752 0.208 0.980 0.119 0.774
Single
Contaminant Toluene 0.315 1.014 0.255 0.925 0.310 1.006 0.259 0.933
Present
Ethy1benzene 1.090 1.105 0.665 0.764 1.044 1.075 0.694 0.794
O-xy1ene 0.727 1.179 0.537 1.038 0.702 1.163 0.556 1.055
Benzene 0.136 1.205 0.036 0.755 0.121 1.166 0.04 0.795
AllBTEX
Contaminants Toluene 0.457 1.11 0.207 0.752 0.427 1.079 0.222 0.783
Present
Ethylbenzene 1.075 1.104 0.665 0.757 1.031 1.074 0.694 0.787
O-xylene 1.129 1.060 0.697 0.724 1.083 1.030 0.727 0.753
amount of adsorption beyond which the sorbent is saturated with contaminant and no
further sorption will occur.
Figures 12 through 15 contain graphical representations of the best fit Freundlich
sorption isotherms and data for the ground rubber batch tests. In addition to the ground
rubber data, granular activated carbon sorption data and their best fit Fruendlich isotherms
have been plotted on the same graphs for comparison. The activated carbon data was
provided by Dobbs and Cohen (1980). Dobbs and Cohen (1980) used Filtrasorb 300
granular activated carbon, a product of Calgon Corporation, in their batch tests. The
granular carbon was pulverized such that only the portion passing the #200 mesh sieve but
retained on the #400 mesh sieve was used in the batch tests. They placed 50 grams of
thoroughly wet pulverized carbon into 1 L of water that contained the appropriate
concentration of contaminant compound. Batch tests were run for a total of 2 hours before
a sample of media free solution was taken for analysis.
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Table 18. U er and lower confidence levels for all Fruendlich isotherm constants.
Benzene 0.221 1.000 0.111 0.752 0.208 0.980 0.119 0.774
Single
Contaminant Toluene 0.315 1.014 0.255 0.925 0.310 1.006 0.259 0.933
Present
Ethylbenzene 1.090 1.105 0.665 0.764 1.044 1.075 0.694 0.794
O-xylene 0.727 1.179 0.537 1.038 0.702 1.163 0.556 1.055
Benzene 0.136 1.205 0.036 0.755 0.121 1.166 0.04 0.795
All BTEX
Contaminants Toluene 0.457 1.11 0.207 0.752 0.427 1.079 0.222 0.783
Present
Ethylbenzene 1.075 1.104 0.665 0.757 '1.031 1.074 0.694 0.787
O-xylene 1.129 1.060 0.697 0.724 1.083 1.030 0.727 0.753
amount of adsorption beyond which the sorbent is saturated with contaminant and no
further sorption will occur.
Figures 12 through 15 contain graphical representations of the best fit Freundlich
sorption isotherms and data for the ground rubber batch tests. In addition to the ground
rubber data, granular activated carbon sorption data and their best fit Fruendlich isotherms
have been plotted on the same graphs for comparison. The activated carbon data was
provided by Dobbs and Cohen (1980). Dobbs and Cohen (1980) used Filtrasorb 300
granular activated carbon, a product of Calgon Corporation, in their batch tests. The
granular carbon was pulverized such that only the portion passing the #200 mesh sieve but
retained on the #400 mesh sieve was used in the batch tests. They placed 50 grams of
thoroughly wet pulverized carbon into I L of water that contained the appropriate
concentration of contaminant compound. Batch tests were run for a total of 2 hours before
a sample of media free solution was taken for analysis.
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Figure 12. Benzene only equilibrium sorption by ground tire rubber.
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Figure 13. Toluene only equilibrium sorption by ground tire rubber.'
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Figure 14. Ethylbenzene only equilibrium sorption by ground tire rubber.
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Figure 15. O-xylene only equilibrium sorption by ground tire rubber (Crouthamel, 1993).
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4.3.2.2 Comparison of Ground Rubber Isotherms with Activated Carbon
Isotherms
Comparison of the results of the batch tests using WRF - 10 ground tire rubber,
having an equilibrium contact time of 3 days, with activated carbon adsorption isotherms
developed by Dobbs and Cohen (1980) indicate that the ground tire rubber has a sorption
capacity that is between one to two orders of magnitude less than the adsorption capacity of
the activated carbon. When the equilibrium concentration of the contaminant in solution is
10 mglL, tire rubber has approximately 5%,4%,3% and 7% of activated carbon's
adsorption capacity for benzene, toluene, ethylbenzene and p-Xylene, respectively.
As can be seen in Figures 12 through 15 there are significant variations in slope for
both activated carbon and ground rubber when exposed to different BTEX compounds.
The isotherms developed, for benzene sorption indicates that the ability of activated carbon
.::"
to adsorb benzene is effected much more readily by changes in benzene concentration than
the ability of ground rubber to sorb benzene. But for the other BTEX compounds the
sorption capacity of the ground rubber is much more susceptible to variations in .
concentration than activated carbon. These differences in isotherm slopes are probably due
to differences in hydrophobicity and molecular volume of the BTEX compounds (See
Table 5). The adsorption ofBTEX contaminants by activated carbon is largely dependent
upon the available surface area of the carbon particle and the hydrophobic nature of the
contaminant. Generally, the greater the hydrophobicity of the contaminant the greater the
ability of activated carbon to adsorb that compound, since the greater the hydrophobicity
the more the contaminant wants to find surfaces with like charges. In the case of benzene,
which is much more hydrophilic than any other BTEX compound (See Table 5), activated
carbon can not adsorb as much compound since benzene does not have a great need to find
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hydrophobic surfaces. Therefore, activated carbon is dependent upon concentration in
solution to adsorb a given mass of benzene.
Ground rubber has a very different sorption process occurring. The contaminant
adsorbs to the surface of the rubber particle just like activated carbon due to its hydrophobic
nature, but absorption is also occurring which is an entirely different process. The process
of absorption is limited by molecular energy, surface concentration and free space within
the polymeric matrix (Comyn, 1986). It is very easy for benzene molecules to move into
the free space in the rubber particle after adsorbing to the surface since there is a certain
amount of free volume within the polymeric material to begin with. In addition benzene
has the smallest molecular volume of all the BTEX compounds indicating that it requires
the least amount of energy to move into and through the rubber particle. If a larger
molecule was to absorb into the polymeric matrix, a larger amount of energy would be
required to createJarger spaces in the polymeric matrix which would allow the molecule to
migrate into the matrix. Therefore, the benzene sorption process does not require large
concentrations on the surface of the particle, since much of the energy for permeation of the
sorbent by the sorbate originates from concentration gradients.
Just the opposite is true for the other BTEX compounds being sorbed. The
sorption capacity of ground rubber is more dependent upon contaminant concentration than
activated carbon when in the presence of toluene, ethylbenzene or 0-, p-Xylene. The
reason that the sorption capacity of ground rubber becomes much more sensitive to
contaminant concentration is most likely due to the increase in the molecular volume of the
contaminant. The increase in volume requires larger voids to be produced within the
molecular matrix which requires more energy. If temperature is held constant, much of this
energy comes from the concentration gradients created by surface adsorption of the
contaminants. Therefore, the capacity to absorb is much more susceptible to changes in
concentration when the solute molecule has a larger volume.
92
In conclusion, the ability of ground tire rubber to sorb BTEX compounds was
greatly affected by the hydrobicity of the individual contaminants, and was slightly effected
by an increase in the molecular volume of the individual compounds. As can be seen in
Figure 16, the sorption capacity of ground tire rubber for various BTEX compounds is
directly related to the hydrobicity of the compounds. At the same equilibrium concentration
ground rubber can sorb larger quantities of contaminants with high octanol/water partition
coefficient regardless of molecular volume.
4.3.3 ATTRIBUTABLE ERRORS IN ALL BATCH TEST RESULTS
BTEX compounds are fairly hydrophobic and moderately volatile (See Table 5).
Furthermore the ground rubber used was not a homogenous pure rubber compound of
consistent makeup. These are only two of the possible sources of error which may have
caused some of the scatter in the results presented.
Some of the error in the resulting batch data could be attributed to the loss of
contaminant during filling and closing of batch reactors. The filling and closing procedure
for each set of batch reactors was kept constant as much as possible but delays in capping
the BOD bottles did occur. Delays occurred because it was difficult to remove air from the
batch reactor rapidly while making sure no ground rubber interfered with proper closure of
the BOD bottles. If rubber did happen to interfere with sealing of the BOD bottle with a
glass stopper, then time would have to be taken to remove the rubber particles from the
area. This meant that the batch reactor was open to the atmosphere longer than normal and
a very small amount rubber (=::; 0.05 grams) might be removed from the batch reactor while
cleaning the neck of the BOD bottle. All bottles were filled and sealed within 5 minutes
regardless of sealing problems. Generally, there was a small air bubble (:=:; 3 mL) that
developed in all batch tests by the end of the equilibrium period which could have caused
contaminant to volatilize out of solution contributing a small amount of error to the mass
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Figure 16. Comparison of all ground rubber - BTEX sorption isotherms.
balance calculations. All batch tests were filled in such a manner that the duplicate bottles
with sorbent media were filled first and the "blank" bottle filled last. Each batch test set,
which consisted of one or two duplicate bottles with equal masses of rubber placed within
and a "blank", was filled from a single 1L flask that contained the desired concentration
contaminant solution. This filling procedure would help to keep sorption capacity results
conservative by accounting for any volatilization that might have occurred between filling
the first BOD bottle and filling the blank.
At the end of equilibrium, sorbent free contaminant solution was quickly transferred
to a 40mL sample vial. Time required for transfer was less than 30 seconds generally.
Some volatilization might have occurred during the transfer but the "blank" was treated in
the same manner. In addition, if volatilization did occur upon transfer most of it would
occur from the "blank" due to the contaminant in the "blank" having a greater partial
pressure since the "blank" had a much higher concentration at the end of the equilibrium
period. Therefore, the final "blank" concentrations and the initial contaminant
concentrations used in the mass balance calculations (Equation 1) would be conservative
since the largest contaminant loss would have occurred in the "blank" batch test bottles.
Again, it should be mentioned that the testing procedure for all batch tests were
standardized, treating the "blank" batch tests in the same manner as batch tests with
sorbent. If any sorption to the reactor walls did occur it would have occurred for all batch
tests.
Almost, all the batch tests were carried out in duplicates with a single "blank" batch
test for the two duplicates. The variations between duplicates were a product of both,
contaminant losses due to uneven volatilization, and the precision of analytical results
obtained through direct aqueous injection into a gas chromatograph. Nevertheless, since
95










tion isothenns for various media by Zytner (1994).
0.17 8.47 1.64 0.81
1.55 4 - 30 0.66 NA* 1.01 NA* 1.22 I NA*
r" 0.89 0.94 0.89 0.87
Organic Kr* 2.97 7.58 18.74 11.49
Top Soil lin 0.78 4 - 30 0.83 NA* 0.34 NA* 0.79 I NA*
rL 0.96 0.98 0.89 0.99
Peat Moss I Kr* 13 74.06 63.99 9.25
§I lin 1 4 - 30 0.83 NA* 0.93 NA* 1.56 I NA*c 0.96 0.95 0.96 0.97
Sandy Kr* 0.58 0.82 0.45 0.38
Loam lin 0.95 4 - 30 0.94 NA* 1.24 NA* 1.17 I NA*
Soil c 0.89 0.91 0.93 0.93
* Units of Kr are (mg kg' )(mg/L)' n, therefore sorption capacity, q, is in (mglkg)
NA* Data was not presented by author in paper.
Table 19. Freundlich best fit sorption isotherms for various media by Zytner (1994).
0.17
--- -- ---- -
8.47
-----
1.64 0.81
1.55 4 - 30 0.66 NA* 1.01 NA* 1.22 I NA*
r- 0.89 0.94 0.89 0.87
Organic T K* 2.97 7.58 18.74 11.49f
Top Soil lin 0.78 4 - 30 0.83 NA* 0.34 NA* 0.79 I NA*
r- 0.96 0.98 0.89 0.99
Peat Moss I K* 13 74.06 63.99 9.25f
§I lin I 4 - 30 0.83 NA* 0.93 NA* 1.56 I NA*l' 0.96 0.95 0.96 0.97
Sandy K* 0.58 0.82 0.45 0.38f
Loam lin 0.95 4 - 30 0.94 NA* 1.24 NA* 1.17 T NA*
Soil r- 0.89 0.91 0.93 0.93
* Units of Kf are (mg kg- )(mglLr ", therefore sorption capacity, q, is in (mg/kg)
NA* Data was not presented by author in paper.
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Figure 21. Fruendlich sorption isotherms for various sorption soils sorbing benzene only.
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Figure 22. Fruendlich sorption isotherms for various soils sorbing toluene only.
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Table 20. Freundlich so tion isotherms for various media (Rael et al., 1995).
Sawdust*
Peat*
Coal*
3% Powder
Activated
Carbon/sand
Kr** 2.55E-07
lin 4.43
r NA*
Kr** 0.002
lin 1.78
r NA*
Kr** 0.029
lin 0.50
r NA*
Kr** 1.45
lin 0.16
! NA*
9 - 16
9 - 16
9 - 16
5 - 16
10% Powder Kr** 1.56
Activated lin 0.61
Carbon/sand r NA*
8 - 16
NA* Data was not presented by author in paper.
* Data presented by author are very scattered, the r values are probably very low.
** Units of Kr and sorption capacity, q, are (mg g"1)(mg/L)"lIn, and (mg/g), respectively.
The authors did not provide any coefficients of determination, r, however based
on graphical presentation of the data, its observed scatter and the isotherms in the original
article, the r values are predicted to be low for the sawdust, peat and coal isotherms
developed.
As can be observed from Figure 25, ground tire rubber sorbs more benzene then all
the other materials except the mixes of powder activated carbon (PAC) arid sand.
Therefore based on all the isotherms presented, ground tire rubber sorbs larger quantities of
contaminant per unit mass then all other materials presented except for activated carbon.
108
Table 20. Freundlich so tion isotherms for various media (Rael et al., 1995).
Peat*
Coal*
3% Powder
Activated
Carbon/sand
r-
Kr** 0.002
l/n 1.78
r NA*
Kr** 0.029
lin 0.50
r NA*
Kr** 1.45
lin 0.16
r NA*
9 - 16
9 - 16
9 - 16
5 - 16
8 - 16
1.56
0.61lin
Kr**
Activated
Carbon/sand r NA*
10% Powder
NA* Data was not presented by author in paper. .
* Data presented by author are very scattered, the r2 values are probably very low.
** Units of Kr and sorption capacity, q, are (mg g-l)(mglLylln, and (mg/g), respectively.
The authors did not provide any coefficients of determination, r, however based
on graphical presentation of the data, its observed scatter and the isotherms in the original
article, the r2 values are predicted to be low for the sawdust, peat and coal isotherms
developed.
As can be observed from Figure 25, ground tire rubber sorbs more benzene then all
the other materials except the mixes of powder activated carbon (PAC) and sand.
Therefore based on all the isotherms presented, ground tire rubber sorbs larger quantities of
contaminant per unit mass then all other materials presented except for activated carbon.
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To determine how cost competitive ground tire rubber might be with other sorbent
materials, it is necessary to determine if the sorption process is reversible, and also the
amount of time and energy needed to reverse the sorption process.
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Figure 25. Comparison of benzene sorption isotherms of various possible sorption media.
4.4 REPETITIVE SORPTION & DESORPTION TESTS
Two types of sorption / desorption tests were run. The purpose of the first set of
tests was to determine if there would be a decrease in the sorption capacity of the rubber
after several uses. The second test was run to show that absorption was occurring, and
that the process was reversible. These tests are referred to as the repetitive Sorption &
Desorption Test, and Desorption Efficiency Test.
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4.4.1 REPETITIVE SORPTION EFFICIENCIES
The first test was run, using two rubber chunks, to determine if the sorption
capacity of the rubber would decrease after repeated exposure to all four BTEX
contaminants in solution. Two chunks of rubber were placed in a batch reactor for 3 days
and then removed to a vented hood for three days at room temperature to allow the
contaminants to desorb from the rubber chunks. The rubber was then placed back into a
batch reactor with new contaminant solution for three days to repeat the sorption /
desorption process. The amount of contaminant the rubber sorbed was determined using
the initial and final concentration of contaminants in solution, and the mass balance
equation specified earlier for the batch tests, Equation 1.
Figure 26 and 27 contain the results of 8 repetitive sorption tests with a three day
desorption period between tests. In Figure 26 are the results pertaining to a chunk of
rubber that weighed 5.3 grams prior to any sorption. The results of tests with a chunk of
rubber that weighed 3.3 grams prior to any sorption are presented in Figure 27. As
mentioned earlier these chunks of rubber were manually cut from a larger piece of truck tire
tread that contained no cord or steel. As can be seen from the two figures the ability of the
smaller piece of rubber to reach higher sorption capacities (:::: 80%) for all the contaminants
was probably due to the limited 3 day contact period allowed. All previous batch tests were
run with ground rubber which only required 3 days to reach equilibrium. A three day
contact period for these much larger pieces of rubber was probably not enough to obtain
equilibrium. The smaller chunk of rubber was able to get closer to its equilibrium sorption
capacity due to the smaller distance the contaminant would have to diffuse within the
polymer to obtain equilibrium.
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Figure 26. Percentage of equilibrium sorption capacity obtained by 5.3 gram chunk of
rubber.
The results of this repetitive test procedure does indicate some variations in the
sorption capacity of the rubber for each 3 day sorption period. But more importantly there
is no decreasing trend in the sorption capacity of the rubber chunks. Some of the variation
in the results can probably be attributed to analysis errors and changes in room temperature,
since room temperatures in the lab fluctuated by as much as 6°C. Changes in temperature
can change the sorption rate and capacity of the rubber due to changes in polymer chain
energy. Increases in the polymer chain energy can cause a general increase in segmental
motion. The increased motion can cause an increase in free volume directly related to bulk
expansion of the rubber (Comyn, 1986). The increase in segmental motion can also impart
additional energy to the penetrant molecules increasing the diffusion rate. The net result of
an increase in temperature can be an increase in the sorption capacity and rate.
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The percentage of sorption capacity obtained for all BTEX compounds except
benzene, were similar. Benzene generally only obtained three quarters to half the
percentage of the equilibrium sorption capacity obtained by the other compounds. This is
most likely due to the competitive sorption occurring between the BTEX compounds which
was pointed out earlier in the Batch Test Section.
Repetitive Sorption Analysis Using 3.3g Rubber
Chunk
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Figure 27. Percentage of equilibrium sorption capacity obtained by 3.3 gram chunk of
rubber.
The results of the 8 repetitive sorption / desorption test indicate that there is not a
decreasing trend in the ability of the rubber chunks to sorb BTEX compounds. What
makes the desorption tests so promising is that the amount of energy needed to regenerate
the rubber may be minimal. The rubber was only placed in a vented location for the same
amount of time that it was placed in contact with the contaminant fluid. The resulting 3 day
regeneration process allowed the rubber to obtain steady sorption capacities. Therefore,
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Test #1 • Cumulative Desorption of
Contaminant Mass from 3.09 Rubber Chunk
- - - - -- - - - - - -- - - - - - -- - - - - -. - - - - - -- - - - - - -- - - - - - - - - - - - -- - - - - - --& 120%
l'G"C
~ ~ 100% i-~-~-~~-~-~-~-~-~~-~-~-~-~-~~-~-~-~-~_~--~----------------__~-~-~-~-~-~~-~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ 0 ===================== ======== ==:===== =======en 80% i-_-_-__-_-_-_-_-__-_-_-_-_-__-_-_-_-__
0%
1/1
C 1/1
o l'G 60%
'';: :E
c.
..
40%0
1/1
41
c 20%
....
o
Day 3 Day 6 Day 9 Day 12 Day 15 Day 18
Rubber was Switched to Clean Batch Reactor every 3 Days
\_ Benzene C Toluene Eli Ethylbenzene _ O-xylene ill Total BTEX I
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160% .--_-_-__-_-_-_-_-__-_-_-_-_-__-_-_-_-_-__-_-_-_-__-_-_-_-_-_-__-_-_-_-_-__-_-_-_-_-_-__-_-_-_-_-__-_-_-_-_-_--,__
- - - - -- - - - - - -- - - - - - -- - - - - - - - - - - - -- - - - - - -- - - - - - - - - - - - -- - - - - - --
.... 140% l--_-__-_-_-_-_-__-_-_-_-_-__-_-_-_-_-__-_-_-_-_-__-_-_-_-_-__-_-_-_-_-_-__-_-_-_-_-__-_-_-_-_-__-_-_-_-_-_-__-1_
o
& 120%
l'G"C
~ ..81 00% l--~-~~-~-~-~-~-~~-~-~-~-~-~~-~-~-~-~-~~-~-~-~-~-:~-~-~-~....,~.- t-~-~-~-~-~-~~-~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ 0
~ en 80% i-~-~--_~-~-~-~-~--_~--=-:-~-~~-~-~-~-~-~~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
1/1
C 1/1
o l'G 60%
+::E
c.
..
40%0
1/1
41
c 20%
0%
Day 3 Day 6 Day 9 Day 12 Day 15 Day 18
Rubber was Switched to Clean Batch Reactor every 3 Days
I_ Benzene c Toluene III Ethylbenzene - O-xylene 1m Total BTEX I
Figure 31, Cumulative desorption of BTEX contaminants from 3.0 gram rubber chunk.
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Figure 33. Photograph of four rubber chunks used in desorption tests.
Comparison of Test #1 & Test #2 Desorption
Results for Only Two Rubber Chunks
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Figure 34. Comparison of consecutive desorption tests for only two rubber chunks, 5.893
gram & 3.7285 gram.
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Toluene Only Column Test #1
(2.5 em Inner Diameter Col.)
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Figure 41. Toluene only column test #1 (2.5 em inner diameter).
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in the column tests, as demonstrated in Table 22. But an exception should be made for
benzene in the multiple contaminant column tests since the equilibrium sorption capacity
decreased when multiple contaminants were present, while the other BTEX equilibrium
sorption isotherms did not change significantly. Therefore, the utilization efficiencies for
benzene sorption in the presence of multiple contaminants were recalculated using the
equilibrium sorption isotherm developed when multiple contaminants were present in the
batch reactor (See Table 17). The new benzene utilization efficiencies for multiple
contaminant column tests #1 and #2 are 65.3% and 52.5%, respectively. Results for
multiple contaminant column test #1 might be high due to flow problems with a new pump
that was used once for this column test. This may account for some of the variances in
utilization efficiencies between multiple BTEX column test #1 and #2.
Table 22. Comparison of multiple BTEX column tests with single component BTEX
column tests.
Mass of Sorbent (grams)
Empty Bed Contact Time
(min.)
Average Influent Conc. (mglL)
Benzene 48.1 42.2 72.3 75.4 88.6
Toluene 46.6 42.1 92.4 81.4 92.2
Ethylbenzene 38.6
O-xylene 42.3
41.6
44.5
44.7
62.5
51.9
51.9
46.6
50.3
40%
Utilization Efficienciesc
r=-----.,.-.....,...,..,,,....-,.........,..~---..,._.........".",....____.-.....,...,._=_-.....___,..,~___1
Benzene 43% 34% 46% 43%
Toluene 63% 42% 41 % 44% 43%
Ethylbenzene 84% 89% 32% 41 %
O-xylene 60% 79% 40% 61 %
31%
38%
a Refer to Table 21 for appropriate values.
b Average contact times for all four single component column tests.
C Calculated using single contaminant Fruendlich Sorption Isotherms in Table 17 and
average influent concentrations.
d Never reached breakthrough concentration of 10 mglL.
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more cost effective to remove o-xylene with ground rubber than with GAC at influent
concentrations equal to 20 mglL. At lower concentrations such as 5 mglL GAC becomes
much more cost effective. Variations in influent concentrations cause variations in costs for
all the three other BTEX compounds, but between 5 and 20 mglL the cost of using GR as a
sorption media is continuously higher than GAC costs.
Tire Rubber**
Mass of Ground Rubber
Required (lbs)
Calgon F-300 Activated
Carbon***
Mass of GAC Required
(lbs)
Tire Rubber**
Mass of Ground Rubber
Re uired (lbs)
1.10
0.73
1.36
0.90
0.23
0.16
0.88
0.59
Calgon F-300 Activated 2.52 0.62 0.17 0.29
Carbon***
Mass of GAC Required 1.68 0.42 0.12 0.19
(lbs)
\ . r
* Assumed, Utilization efficiencies of 50%
** Based on Fruendlich Sorption Isotherms developed for single contaminant tests and
$0. 151lb. of ground tire rubber
*** Based on Isotherms obtained from Dobbs and Cohen (1980) and $1.50Ilb. of GAC
As mentioned the costs calculated in Table 23 only take into consideration the bulk
cost of purchasing the sorption media. These costs would probably go up proportionally if
transportation, maintenance and construction costs were included. The main difference in
cost between the two sorption media should arrive with the regeneration or replacement
costs. There are a variety of methods that can be employed to regenerate carbon both at the
remediation site and off-site. Off-site furnace regeneration of GAC is one of the cheapest
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more cost effective to remove o-xylene with ground rubber than with GAC at influent
concentrations equal to 20 mg/L. At lower concentrations such as 5 mg/L GAC becomes
much more cost effective. Variations in influent concentrations cause variations in costs for
all the three other BTEX compounds, but between 5 and 20 mg/L the cost of using GR as a
sorption media is continuously higher than GAC costs.
Table 23. Sorption media cost estimates.
Tire Rubber**
Mass of Ground Rubber
Required (lbs)
Calgon F-300 Activated 1.10
Carbon***
Mass ofGAC Required 0.73
(lbs)
Tire Rubber**
Mass of Ground Rubber
Required (lbs)
Calgon F-300 Activated $ 2.52
Carbon***
Mass ofGAC Required 1.68
(lbs)
1.36
0.90
$ 0.62
0.42
0.23
0.16
0.17
0.12
$ 0.88
0.59
$ 0.29
0.19
* Assumed, Utilization efficiencies of 50%
** Based on Fruend1ich Sorption Isotherms developed for single contaminant tests and
$0. 15/lb. of ground tire rubber
*** Based on Isotherms obtained from Dobbs and Cohen (1980) and $1.50/Ib. of GAC
As mentioned the costs calculated in Table 23 only take into consideration the bulk
cost of purchasing the sorption media. These costs would probably go up proportionally if
transportation, maintenance and construction costs were included. The main difference in
cost between the two sorption media should arrive with the regeneration or replacement
costs. There are a variety of methods that can be employed to regenerate carbon both at the
remediation site and off-site. Off-site furnace regeneration of GAC is one of the cheapest
141
methods that allows for complete regeneration of the carbon (Adams and Clark, 1989).
This does not include transportation costs. Most on-site regeneration methods are either
very expensive to obtain full capacity, or similar in cost to off-site regeneration except full
regeneration is not obtained (Stenzel, 1993). If a regeneration method is going to be used
that requires movement and furnace reactivation of the carbon then a 10-20% loss in mass
of carbon should be expected throughout the process. The overall cost of operation will
depend to a large degree on the regeneration method of choice, which mayor may not be
true for ground rubber.
Since ground rubber seems to be fully regenerated (See Figures 26 and 27) with a
minimal amount of energy input, the regeneration costs are expected to be lower than that
of GAC. Full regeneration of the ground rubber can probably be done by flushing the
sorbent with clean air or applying a vacuum in-situ. Therefore, at this time it is felt that the
long term costs of operating a remediation system will make ground rubber a more cost
effective sorption media than GAC, that can be continually reused throughout the life of the
remediation project. Pilot scale field tests would help to determine the regeneration costs
which would allow for a better comparison of the annual operating costs for granular
activated carbon and ground rubber.
If it is decided that the ground tire rubber will not be regenerated but will be
disposed of, the increased BTEX concentration in the used rubber would help to increase
the BTU output of the rubber when incinerated. Therefore, the increased BTU content of
the rubber would make it a even better fuel source for cement kilns or waste to energy
plants that have the appropriate pollution control devices.
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CHAPTER
5. CONCLUSION & RECOMMENDATIONS
5.1 CONCLUSIONS
5.1.1 ADSORPTION
As mentioned earlier the purpose of this work was to determine the ability of
ground tire rubber to sorb BTEX compounds dissolved in groundwater. Batch tests were
initially run as a preliminary evaluation tool for the possible use of ground rubber as a
sorption media. From these test it was then possible to develop isotherms which were
useful in identifying whether ground rubber will be an effective sorption media.
Results of the batch tests on WRF-10 series ground rubber indicated that its takes
approximately three days for the rubber to obtain equilibrium conditions with BTEX
contaminants dissolved in aqueous solution at concentrations ranging from 10 to 250 mglL.
Batch tests were run to determine the sorption capacity of the rubber under both single
contaminant equilibrium sorption conditions and multiple contaminant equilibrium sorption
conditions. In general the best fitting isotherm was the Freundlich sorption isotherm for
the single contaminant sorption isotherms. There was an approximate 50% reduction in
sorption capacity of the rubber for benzene when other contaminants are present at similar
concentrations. Other BTEX compounds had roughly the same sorption capacity
regardless if the sorption occurred under single or multiple contaminant conditions.
Comparison of ground rubber sorption isotherms developed for the sorption of
BTEX'compounds with granular activated carbon adsorption isotherms showed that the
equilibrium sorption capacity of the rubber was approximately an order of magnitude
smaller than the sorption capacity of activated carbon in all cases. Tire rubber has
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APPENDIX A . BAKER TIRE RUBBER PRODUCT
SPECIFICATIONS SHEETS
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PllJlt LO<I1Jon.
Scuth Bend. IN
Chambersburg. PA
Queen Creek. A1.
P.O. Bo,2~8
South Bend. IN 46680·2438
2191237·6200
FAX 2191237·6293
PRODUCT DESCRIPTION
b,t) )
GRANUUTE" Ground Rubber WRF Series
.' :.~ .. " ." •• ' ... I,.", \
. b ~,~ Chj
,., ..)'" PRODUCT DESCRIPTION:
: .',.", j;i:,~. " ) Ground rubber produced from whole passenger and/or truck tire or the 'equivalent with
fabric removed; maximum fabrtc content by weight :05%. Free of foreign matenal, In
particle sizes per the sieve analysis below.
------------------------_.._--
PRODUCT ANALYSIS: MINIMUM MAXIMUM TEST METHOD
0.02 % BTM-5-03
0.05 % ) BTM-5-02
100 gm/21D cc (o,<la BTM-4-02
Acetone Extract
Ash Content
Carbon Black
Moisture Content
Rubber Hydrocarbon
Free Iron Content
Free Fabric Content
~ulk Density(typical)
10.0 %
28.0 %
45.0 %
19.0 %
B.O %
39.0 %
0.75%
BTM-4-07
BTM-4-05
BTM-4-l0
BTM-4-04
Sieve Analylla = % Retained (wt) Tested per: BTM-5-01
..
USA Sieve No. WRF-IO WRF-16 WRF-20 WRF-30
'-..
- '.
-
8 trace - - -
10 3 max. - - -
12 - trace - -
16 - 10 max. trace -
20
25 ~~~I - 20 max. trace30 - - 15 max.40 - - -
......-
STANDARD PACKAGING
BAG: 50 LBS. +f- 1 lb.
1Er x 7" x 3:2' Rolled Bottom Open Mouth Trl-wall 50 NK
OPTIONAL: Low-melt polyethylene bags or one ton supel'6llcks
PALLET: 55 bagslpa/let(2,75O Ibs.)
42" x 48" wooden four-way entry
Bags are glued to pallet and between layers, but may be
removed without tearing. Pallets are spiral stretch
wrapped to Increase stability and protect the malerial.
UPDATE: 211/94
Llbrllry Rele..nce: 1 IMlcle Tire Speclllcitloni
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APPENDIX B - BATCH TEST SORPTION DATA &
ISOTHERM DEVELOPMENT
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Table 24. Benzene equilibrium sorption data used to determine the required equilibrium time.
According to the EPA the minimum
equilibration time is determined by
measuring the concentration every 24
hours. If the difference between two
162 5.0 50 1 356.00 21.71 0.3424 concentrations is less then 5% in 24
284 (Blank) 0.0 50 1 450.90 27.49 hours then that is the required
150 5.0 50 24 228.66 13.94 0.9851 equilibration period.
132 (Blank) 0.0 50 24 501.70 30.59
29 5.0 50 48 226.90 13.84 1.1068
28 (Blank) 0.0 50 48 533.70 32.54
158 5.0 50 72 245.00 14.94 I 1.3145
168 (Blank) 0.0 50 72 609.37 37.16
~ 0 Standarc 0 50 0 524.19 31.96
>-'
0\
0
Q\
o
Table 24. Benzene equilibrium sorption data used to determine the required equilibrium time.
I
According to the EPA the minimum
equilibration time is determined by
measuring the concentration every 24
hours. If the difference between two
162 5.0 50 I 356.00 21.71 0.3424 concentrations is less then 5% in 24
284 (Blank) 0.0 50 1 450.90 27.49 hours then that is the required
150 5.0 50 24 228.66 13.94 0.9851 equilibration period.
132 (Blank) 0.0 50 24 501.70 30.59
29 5.0 50 48 226.90 13.84 I 1.1068
28 (Blank) 0.0 50 48 533.70 32.54
158 5.0 50 72 245.00 14.94 I 1.3145
168 (Blank) 0.0 50 72 609.37 37.16
Day 0 Standar () 50 0 524.19 31.96
Table 25. Benzene batch test sorption data and regression analysis results.
26-Jun 97.1000 7.1300 1.9872 0.8531 8.7000
26-Jun 96.3500 7.1780 1.9839 0.8560 8.6411
21-Jul 36.0993 4.5962 1.5575 0.6624 3.6530
21-Jul 35.0972 4.6555 1.5453 0.6680 3.5640
26-Jun 30.2900 2.8100 1.4813 0.4487 3.1320
2-Jun 29.2000 2.6440 1.4654 0.4223 3.0330
26-Jun 16.5000 1.6480 1.2175 0.2170 1.8385
4-Jul 10.3966 1.8034 1.0169 0.2561 1.2262
4-Jul 10.3383 1.8068 1.0144 0.2569 1.2201
21-Jul 6.5080 1.0868 0.8134 0.0361 0.8131
21-Jul 6.4125 1.0924 0.8070 0.0384 0.8026
4-Jul 6.2146 0.5470 0.7934 -0.2620 0.7808
4-Jul 6.0138 0.5588 0.7792 -0.2527 0.7587
21-Jul 3.3369 0.2618 0.5233 -0.5820 0.4526
4-Jul 2.4827 0.3129 0.3949 -0.5046 0.3492
4-Jul 2.1434 0.3330 0.3311 -0.4776 0.3070
21-Jul 2.1082 0.3345 0.3239 -0.4756 0.3026
14.2000 58.3000 69.7688
10.3000 49.7000 41.7388
6.2000 23.7000 18.5279
5.8000 14.7000 16.6527
4.0000 8.3000 9.1896
REGRESSION SUMMARY OUTPUT
Regression Statistics
Multiple R 0.968036293
R Square 0.937094265
Adjusted R
Square 0.932900549
Standard Error 0.126439827
Observations 17
ANOVA
Regression
Residual
Total
df SS
1 3.572334198
15 0.239805447
16 3.812139645
MS F Significance F
3.5723342 223.452026 2.0382E-1O
0.015987
Intercept
Log (Ceq)
Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
-0.80331699 0.069385598 -11.57758 7.0434E-09 -0.95120899 -0.655425
0.876971622 0.058666934 14.948312 2.0382E-1O 0.751925936 1.0020173
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Table 25. Benzene batch test sorption data and regression analysis results.
26-1un
26-)un
21-Jul
21-Jul
26-1un
2-Jun
26-1un
4-Jul
4-Jul
21-Jul
21-Jul
4-Jul
4-Jul
21-Jul
4-Jul
4-Jul
21-Jul
97.1000
96.3500
36.0993
35.0972
30.2900
29.2000
16.5000
10.3966
10.3383
6.5080
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6.2146
6.0138
3.3369
2.4827
2.1434
2.1082
14.2000
10.3000
6.2000
5.8000
4.0000
7.1300
7.1780
4.5962
4.6555
2.8100
2.6440
1.6480
1.8034
1.8068
1.0868
1.0924
0.5470
0.5588
0.2618
0.3129
0.3330
0.3345
58.3000
49.7000
23.7000
14.7000
8.3000
1.9872
1.9839
1.5575
1.5453
1.4813
1.4654
1.2175
1.0169
1.0144
0.8134
0.8070
0.7934
0.7792
0.5233
0.3949
0.3311
0.3239
0.8531
0.8560
0.6624
0.6680
0.4487
0.4223
0.2170
0.2561
0.2569
0.0361
0.0384
-0.2620
-0.2527
-0.5820
-0.5046
-0.4776
-0.4756
8.7000
8.6411
3.6530
3.5640
3.1320
3.0330
1.8385
1.2262
1.2201
0.8131
0.8026
0.7808
0.7587
0.4526
0.3492
0.3070
0.3026
69.7688
41.7388
18.5279
16.6527
9.1896
0.932900549
0.126439827
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REGRESSION SUMMARY OUTPUT
Regression Statistics
Multiple R 0.968036293
R Square 0.937094265
Adjusted R
Square
Standard Error
Observations
ANOYA
Regression
Residual
Total
df SS
I 3.572334198
15 0.239805447
16 3.812139645
MS F Significance F
3.5723342 223.452026 2.0382E-IO
0.015987
Intercept
Log (Ceq)
Coefficients Standard Error t Stat P-vaille Lower 95% Upper 95%
-0.80331699 0.069385598 -11.57758 7.0434E-09 -0.95120899 -0.655425
0.876971622 0.058666934 14.948312 2.0382E-1O 0.751925936 1.0020173
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Table 26. Toluene equilibrium sorption data used to determine the required equilibrium time.
106 5 50 24 89.995 8.34095494 I 2.365828237
273 5 50 24 112.86 10.45499377 I 2.240747606
168 (Blank) 0.0 50 24 522.47 48.33
52 5.0 50 48 72.98 6.77 I 1.9802
286 5.0 50 48 92.01 8.53 I 1.8761
29 (Blank) 0.0 50 48 434.96 40.24
158 5.0 50 72 94.58 8.76 I 2.3601
160 5.0 50 72 97.01 8.99 I 2.3469
271 (Blank) 0.0 50 72 526.02 48.65
109 5.0 50 96 104.21 9.66 I 2.1186
162 5.0 50 96 97.77 9.06 I 2.1539
....- I 284 (Blank) 0.0 50 96 491.50 45.460\ I TN 150 5.0 50 120 91.48 8.48 1.9832
28 5.0 50 120 103.00 9.54 I 1.9201
270 (Blank) 0.0 50 120 454.00 42.00
Day 0 Standard 0.0 50 0 524.19 48.49
Table 26. Toluene equilibrium sorption data used to determine the required equilibrium time.
106 5 50 24 89.995 8.34095494 2.365828237
273 5 50 24 l12.86 ]0.45499377 2.240747606
l68 (Blank) 0.0 50 24 522.47 48.33
52 5.0 50 48 72.98 6.77 1.9802
286 5.0 50 48 92.0l 8.53 1.8761
29 (Blank) 0.0 50 48 434.96 40.24
158 5.0 50 72 94.58 8.76 2.360l
160 5.0 50 72 97.01 8.99 I 2.3469
271 (Blank) 0.0 50 72 526.02 48.65
109 5.0 50 96 l04.2l 9.66 2.] 186
162 5.0 50 96 97.77 9.06 2.1539
I 284 (Blank) 0.0 50 96 491.50 45.46Q\ I Ttv ISO 5.0 50 120 91.48 8.48 1.9832
28 5.0 50 120 lO3.00 9.54 1.9201
270 (Blank) 0.0 50 120 454.00 42.00
Day 0 Standard 0.0 50 0 524.19 48.49
Table 27. Toluene batch test sorption data and regression analysis results.
I-Apr 48.434 10.618 1.685 1.026 12.218
I-Apr 38.149 11.227 1.581 1.050 9.693
24-May 30.906 8.910 1.490 0.950 7.902
24-May 29.032 9.189 1.463 0.963 7.437
I-Apr 26.968 6.179 1.431 0.791 6.924
I-Apr 25.659 6.256 1.409 0.796 6.597
24-May 20.551 5.536 1.313 0.743 5.319
24-May 18.271 5.705 1.262 0.756 4.746
24-May 15.889 3.988 1.201 0.601 4.144
24-May 13.820 4.089 1.140 0.612 3.620
I-Apr 9.656 2.395 0.985 0.379 2.557
13-Mar 9.655 2.119 0.985 0.326 2.556
13-Mar 9.543 1.920 0.980 0.283 2.528
I-Apr 9.196 2.423 0.964 0.384 2.438
13-Mar 9.059 2.154 0.957 0.333 2.403
13-Mar 8.989 2.347 0.954 0.370 2.385
20-Mar 8.839 2.319 0.946 0.365 2.347
13-Mar 8.765 2.360 0.943 0.373 2.327
20-Mar 8.731 2.326 0.941 0.367 2.319
13-Mar 8.478 1.983 0.928 0.297 2.253
20-Mar 6.388 1.549 0.805 0.190 1.712
20-Mar 5.361 1.609 0.729 0.207 1.445
20-Mar 2.140 0.626 0.330 -0.204 0.593
I-Apr 2.030 0.582 0.308 -0.235 0.563
I-Apr 1.948 0.587 0.289 -0.231 0.541
20-Mar 1.915 0.639 0.282 -0.194 0.532
20-Mar 0.937 0.254 -0.028 -0.596 0.266
20-Mar 0.928 0.254 -0.032 -0.595 0.264
18.070 82.000 93.261
17.560 92.000 92.094
16.700 71.200 90.082
13.200 105.600 81.226
11.000 99.700 74.964
10.330 81.500 72.920
8.360 67.500 66.437
7.650 54.200 63.893
3.670 42.300 46.248
1.710 33.500 33.049
REGRESSION SUMMARY OUTPUT
Regression Statistics
Multiple R 0.993609456
R Square 0.987259752
Adjusted R Square 0.986769742
Standard Error 0.052621541
Observations 28
ANOVA
df SS MS F Significance F
Regression I 5.578969942 5.578969942 2014.776585 3.63225E-26
Residual 26 0.071994691 0.002769027
Total 27 5.650964634
Coefficients Standard Error t Star P-value Lower 95% Upper 95%
Intercept -0.547585106 0.022554291 -24.27853326 2.15846E-19 -0.593946145 -0.501224066
Log (Ceq) 0.969554715 0.021600255 44.88626276 3.63225E-26 0.925154727 1.013954704
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I-Apr 48.434 10.618 1.685 1.026 12.218
I-Apr 38.149 11.227 1.581 1.050 9.693
24-May 30.906 8.910 1.490 0.950 7.902
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I-Apr 25.659 6.256 1.409 0.796 6.597
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I-Apr 9.656 2.395 0.985 0.379 2.557
13-Mar 9.655 2.119 0.985 0.326 2.556
13-Mar 9.543 1.920 0.980 0.283 2.528
I-Apr 9.196 2.423 0.964 0.384 2.438
13-Mar 9.059 2.154 0.957 0.333 2.403
13-Mar 8.989 2.347 0.954 0.370 2.385
20-Mar 8.839 2.319 0.946 0.365 2.347
13-Mar 8.765 2.360 0.943 0.373 2.327
20-Mar 8.731 2.326 0.941 0.367 2.319
13-Mar 8.478 1.983 0.928 0.297 2.253
20-Mar 6.388 1.549 0.805 0.190 1.712
20-Mar 5.361 1.609 0.729 0.207 1.445
20-Mar 2.140 0.626 0.330 -0.204 0.593
I-Apr 2.030 0.582 0.308 -0.235 0.563
I-Apr 1.948 0.587 0.289 -0.231 0.541
20-Mar 1.915 0.639 0.282 -0.194 0.532
20-Mar 0.937 0.254 -0.028 -0.596 0.266
20-Mar 0.928 0.254 -0.032 -0.595 0.264
18.070 82.000 93.261
17.560 92.000 92.094
16.700 71.200 90.082
13.200 105.600 81.226
11.000 99.700 74.964
10.330 81.500 72.920
8.360 67.500 66.437
7.650 54.200 63.893
3.670 42.300 46.248
1.710 33.500 33.049
REGRESSION SUMMARY OUTPUT
Regression Statistics
Multiple R 0.993609456
R Square 0.987259752
Adjusted R Square 0.986769742
Standard Error 0.052621541
Observations 28
ANOYA
dl SS MS F Significance F
Regression I 5.578969942 5.578969942 2014.776585 3.63225E-26
Residual 26 0.D7199469 I 0.002769027
Total 27 5.650964634
Co~tficiellts Standard Error t Stat P-I'aille Lower 95% Upper 95%
Intercept -0.547585106 0.022554291 -24.27853326 2.15846E-19 -0.593946145 -0.501224066
Log (Ceq) 0.969554715 0.021600255 44.88626276 3.63225E-26 0.925154727 1.013954704
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Table 28. Ethylbenzene equilibrium sorption data used to determine the required equilibrium time.
270 (Blank) 0 50 24 448.78 37.87 According to the EPA the minimum
equilibration time is determined by
79 5 50 24 38 3.21 2.0510 measuring the concentration every 24
132 5 50 24 31 2.62 2.0860 hours. If the difference between two
158 (Blank) 0 50 48 509.33 42.98 concentrations is less then 5% in 24
168 5 50 48 31 2.62 2.3883 hours then that is the required
162 5 50 48 25 2.11 2.4183 equilibration period.
286 (Blank) 0 50 72 460 38.82
160 5 50 72 28 2.36 2.1570
109 5 50 72 28 2.36 2.1570
273 (Blank) 0 50 96 458.92 38.73
28 5 50 96 29.48 2.49 I 2.1442
284 5 50 96 33.36 2.82 1 2.1248
>-' I 52 (Blank) 0 50 120 528.37 44.590\
oj::.
285 5 50 120 48.12 4.06 1 2.3979
150 5 50 120 33.5 2.83 2.4709
IDay 0 Standarc 0 50 0 448 37.81
Table 28. Ethylbenzene equilibrium sorption data used to determine the required equilibrium time.
270 (Blank) 0 50 24 448.78 37.87 According to the EPA the minimum
equilibration time is determined by
79 5 50 24 38 3.21 2.0510 measuring the concentration every 24
132 5 50 24 31 2.62 2.0860 hours. If the difference between two
158 (Blank) 0 50 48 509.33 42.98 concentrations is less then 5% in 24
168 5 50 48 31 2.62 2.3883 hours thcn that is the requircd
162 5 50 48 25 2.11 2.4183 equilibration period.
286 (Blank) 0 50 72 460 3882
160 5 50 72 28 2.36 2.1570
109 5 50 72 28 2.36 2.1570
273 (Blank) 0 50 96 458.92 38.73
28 5 50 96 29.48 2.49 T 2.1442
284 5 50 96 33.36 2.82 2.1248
Q\ I 52 (Blank) (] 50 120 528.37 44.59
..j::o. I 285 5 50 120 48.12 4.06 I 2.3979
150 5 50 120 33.5 2.83 2.4709
IDay 0 Slandard 0 50 0 448 37.81
Table 29. Ethylbenzene batch test sorption data and regression analysis results.
7/1196 14.226 9.964 1.153 0.998 10.176
7/1196 12.350 10.525 1.092 1.022 8.917
7/1196 7.776 6.062 0.891 0.783 5.787
7/1196 6.813 6.205 0.833 0.793 5.114
7/1196 6.164 4.014 0.790 0.604 4.658
711/96 5.530 4.076 0.743 0.610 4.209
7/1196 4.234 2.074 0.627 0.317 3.279
6113/96 4.061 2.398 0.609 0.380 3.153
7/1196 3.751 2.098 0.574 0.322 2.928
7/8/96 2.917 3.103 0.465 0.492 2.314
6/13/96 2.827 2.471 0.451 0.393 2.248
6113/96 2.815 2.125 0.450 0.327 2.239
7/8/96 2.704 3.115 0.432 0.493 2.156
7/8/96 2.383 2.328 0.377 0.367 1.916
7/8/96 2.252 2.336 0.352 0.368 1.817
7/8/96 1.927 1.546 0.285 0.189 1.571
7/8/96 1.760 1.556 0.246 0.192 1.444
7/8/96 1.574 1.010 0.197 0.004 1.300
7/8/96 1.344 1.024 0.129 0.010 1.122
22.500 720.000 620.155
20.400 780.000 573.963
18.900 540.000 540.357
16.200 324.000 478.402
10.200 282.000 331.948
5.400 189.000 200.848
3.600 138.000 145.799
2.100 111.000 95.242
REGRESSION SUMMARY OUTPUT
Regression Statistics
Multiple R 0.942054152
RSquare 0.887466025
Adjusted R Squ 0.88084638
Standard Error 0.099840236
Observations 19
ANOVA
df SS MS F Significance F
Regression 1 1.33637454 1.33637454 134.0654899 1.73505E-09
Residual 17 0.169457235 0.009968073
Total 18 1.505831775
Coefficients Standard Error t Stat P-vaille Lower 95% Upper 95%
Intercept -0.069938709 0.050876343 -1.374680368 0.187081036 -0.177278559 0.037401141
Log (Ceq) 0.934532685 0.080711607 11.57866529 1.73505E-09 0.764245841 1.104819529
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Table 29. Ethylbenzene batch test sorption data and regression analysis results.
7/1/96 14.226 9.964 1.153 0.998 10.176
7/1/96 12.350 10.525 1.092 1.022 8.917
7/1/96 7.776 6.062 0.891 0.783 5.787
7/1/96 6.813 6.205 0.833 0.793 5.114
7/1/96 6.164 4.014 0.790 0.604 4.658
7/1/96 5.530 4.076 0.743 0.610 4.209
7/1/96 4.234 2.074 0.627 0.317 3.279
6113/96 4.061 2.398 0.609 0.380 3.153
7/1/96 3.751 2.098 0.574 0.322 2.928
7/8/96 2.917 3.103 0.465 0.492 2.314
6/13/96 2.827 2.471 0.451 0.393 2.248
6113/96 2.815 2.125 0.450 0.327 2.239
7/8/96 2.704 3.115 0.432 0.493 2.156
7/8/96 2.383 2.328 0.377 0.367 1.916
7/8/96 2.252 2.336 0.352 0.368 1.817
7/8/96 1.927 1.546 0.285 0.189 1.571
7/8/96 1.760 1.556 0.246 0.192 1.444
7/8/96 1.574 1.010 0.197 0.004 1.300
7/8/96 1.344 1.024 0.129 0.010 1.122
22.500 720.000 620.155
20.400 780.000 573.963
18.900 540.000 540.357
16.200 324.000 478.402
10.200 282.000 331.948
5.400 189.000 200.848
3.600 138.000 145.799
2.100 111.000 95.242
REGRESSION SUMMARY OUTPUT
Regressioll Statistics
Multiple R 0.942054152
R Square 0.887466025
Adjusted R Squ 0.88084638
Standard Error 0.099840236
Observations 19
ANOYA
df SS MS F Significallce F
Regression I 1.33637454 1.33637454 134.0654899 1.73505E-09
Residual 17 0.169457235 0.009968073
Total 18 1.505831775
Coefficients Stalldard Error t Star P-l'a!lIe Lower 95% Upper 95%
Intercept -0.069938709 0.05087634.3 -1.374680368 0.187081036 -0.177278559 0.037401141
Log (Ceq) 0.934532685 0.080711607 11.57866529 1.73505E-09 0.764245841 1.1 04819529
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Table 30. O-xylene batch test sorption data and regression analysis results.
15.00 I 12.26 I 12.60799092
8.20 I 6.38 I 6.44937999
5.90 I 4.70 I 4.475384183
5.40 3.80 I 4.056408304
2.10 I 145 I 1.421831092
10
4.597
39214
3.41
15.9
6.766
4.68
3.55
18.07
g: I 17.56
167
132
11
10.33
8.36
7.65
3.67
1.71
12
6.4
2.2
1.5
REGRESSION SUMMARY OUTPUT
(For Crouthamel Data)
Regression Statistics
Multiple R 0.99895115
R Square 0.99790339
Adjusted R ~ 0.99737924
2.6
1.3
0.9
0.8
2.73564492
1.163540971
0.976888473
0.837701982
3
1.3
0.8
0.6
3.082903343
1.225207276
0.82284216
0.610516823
130
116
lOS
83
136.2898026
120.9464487
98.73684256
91.80709911
82
92
71.2
105.6
99.7
81..5
67.5
54.2
42.3
33.5
93.26143519
92.09399066
90.08153016
81.2256203 8
74.96409266
72.91966232
66.43719214
63.8927438
46.24806594
33.04903598
Table 30. O-xylene batch test sorption data and regression analysis results.
2200 I 19.86 I 19.28740346
15.00 12.26 I 12.60799092
8.20 6.38 I 6.44937999
5.90 I 4.70 I 4.475384] 83
5.40 I 3.80 I 4.056408304
2.10 1.45 I 1.421831092
10
4.597
39214
HI
15.9
6.766
4.68
3.55
18.07g I 17.56
16.7
13.2
II
10.33
8.36
7.65
3.67
1.71
12
6.4
2.2
1.5
REGRESSION SUMMARY OUTPUT
(For Crouthamel Data)
Regression Statistics
Multiple R 0.99895115
R Square 0.99790339
Adjusted R ~ 0.99737924
2.6
1.3
0.9
0.8
2.73564492
1.16354097 ]
0.976888473
0.837701982
3
u
0.8
0.6
3.082903343
1.225207276
0.82284216
0610516823
130
116
105
83
136.2898026
120.9464487
98.73684256
91.80709911
82
92
71.2
105.6
99.7
81.5
67.5
54.2
42.3
33.5
93.26143519
92.09399066
90.08153016
81.22562038
74.96409266
72.91966232
66.43719214
63.8927438
4624806594
:n04903598
.......
0\
-..l
Standard Err 0.02044488
Observatiom 6
ANOYA
df SS MS F Significance F --
Regression I 0.79579386 0.795793863 1903.844713 1.64956E-06
Residual 4 0.00167197 0.000417993
Total 5 0.79746584
Coefficients :tandard ErrOl t Stat P-value Lower 95% Upper 95%
Intercept -0.20423995 0.0237796 -8.5888708 0.001009587 -0.270262855 -0.138217
log conc 1.1087116 0.02540989 43.63306903 1.64956E-06 1.038162277 1.1792609
Table 31. Multiple BTEX contaminant equilibrium sorption data used to detennine the required equilibrium time.
""' . , '"'itt' "
0 24 39.612 43.776 46.615 48.991
5 24 15.433 1.431 5.782 2.248 2.134 2.632 2.186 I 2.769 I 9.080
5 24 16.937 1.342 7075 2.171 2.657 2.601 2.665 I 2.741 I 8.855
0 48 41.718 44.130 43.868 45.421
5 48 18.174 1.393 7.776 2.151 2.932 2.422 3.084 I 2.505 I 8.471
5 48 16.216 1.509 7.170 2.187 2545 2.445 2.471 I 2.541 I 8.682
0 72 45.655 45.148 40.363 44.615
5 72 18631 1.599 7.044 2.254 2.657 2.231 2.895 I 2.468 T 8.553
5 72 16.402 1.731 6.197 2.305 2.563 2.236 2.511 I 2.491 I 8.763
0 96 46.351 46979 40.804 43.943
5 96 21.672 1.460 6.799 2.377 1.969 2.298 2.094 I 2.476 I 8.611
5 96 22.162 1.431 6.755 2.380 2.350 2.275 2.441 I 2.456 I 8.542
0\
00
EquIlibrium seem to occur within the
first day. To error on the conservative
side and to be consistent with past tests,
.a three day equilibrium period will
'be used in all future BTEX tests.
IVariations in the amount sorbed are
due to the initial concentration used in
each batch. The different initial
concentrations is due to the separate
preparation of various batch solutions.
One liter flask per 2 batch tests and
blank. Therefore there would be
variations. Analysis of the data
indicates that equilibrium is obtained
'According to the EPA the minimum equilibration
time is determined by measuring the
concentration every 24 hours. If the difference
between two concentrations is less then 5% in 24
hours then that is the required equilibration
period.
Table 31. Multiple BTEX contaminant equilibrium sorption dala used to determine the required equilibrium lime.
] i i
39.612 43.776 46.615 48.991
15.433 1.431 57R2 2.248 2134 2.632 2.186 T 2.769 T 9.080
286 5 24 16.937 1.342 7.075 2.171 2.657 2601 2.665 I 2.741 1 8.855
139 (Blank) 0 48 4t .718 44.130 43868 45.421
79 5 48 18.174 1.393 7.776 2.!51 2.932 2.422 3.084 I 250.' I 8.471
285 5 48 16.216 1.509 7.170 2.187 2545 2.445 2.471 I 2.541 I 8.682
29 (Blank) 0 72 45.655 45148 40.363 44.615
132 5 72 18.631 1599 7.044 2.254 2.657 2.231 2.895 I 2.468 1 8.553
150 'i 72 16.402 1.731 6.1'17 2.305 2563 2.236 2.511 I 2.491 I 8.763
273 (Blank) 0 96 46.351 46.979 40.804 43.'143
106 5 96 21.672 1.460 6.7'1'1 2.377 1.96'1 2.2'!8 2.094 , 2.476 I 8.611
270 5 96 22.162 1.431 6755 2.380 2.350 2.275 2.441 I 2.456 I 8.542
0\
00
Equilibrium seem \0 occur within the
first day. To error on the conservative
side and 10 be consistent with past tests.
a three day equilibrium period will
be used in all future BTEX tests.
Variations in the amount sorbed are
due to the initial concentration used in
each batch. The different initial
concentrations is due to the separate
preparation of various batch solutions.
One liter llask per ~ batch tests and
blank. Thercl'ore there would be
variations. Analysi s of the data
indicates that equilibrium is obtained
'According to the EPA the minimum equilibration
time is determined by measuring the
concentration every 24 hours. If the difference
between two concentrations is less then 5% in 24
hours then that is the required equilibration
period.
Table 32. Benzene batch test sorption data and regression analysis results with all BTEX present.
6/16/96 39.505 1.570 1.597 0.196 2.572
6/16/96 35.259 1.681 1.547 0.226 2.301
6/16/96 35.237 2.847 1.547 0.454 2.299
6/16/96 31.374 2.261 1.497 0.354 2.052
6/16/96 30.141 1.624 1.479 0.211 1.973
6/16/96 28.566 1.780 1.456 0.250 1.872
6/24/96 22.678 1.667 1.356 0.222 1.493
611 0/96 22.162 1.431 1.346 0.156 1.459
6116/96 21.721 1.529 1.337 0.184 1.431
611 0/96 21.672 1.460 1.336 0.164 1.428
6/16/96 20.714 1.588 1.316 0.201 1.366
0"1\ 6/24/96 20.452 1.799 1.311 0.255 1.349
'-0
6/10/96 18631 1.599 1.270 0.204 1.231
6/10/96 16.402 1.731 1.215 0.238 1.087
6/24/96 12.279 0.794 1.089 -0.100 0.818
6/24/96 11.797 0.823 1.072 -0.085 0.787
6/24/96 8.340 0.308 0.921 -0.511 0.560
6/24/96 7.379 0.365 0.868 -0.438 0.497
6/24/96 6.497 0.457 0.813 -0.340 0.438
6/24/96 5.943 0.490 0.774 -0.310 0.402
14.200 58.300 69.769
10.300 49.700 41.739
6.200 23.700 18.528
5.800 14.700 16.653
4.000 8.300 9.190
97.100 7.130 T 8.700
96.350 7.178 I 8.641
Table 32. Benzene batch test sorption data and regression analysis results with all BTEX present.
6/16/96 39.505 1.570 1.597 0.196 2.572
6/16/96 35.259 1.681 1.547 0.226 2.301
6/16/96 35.237 2.847 1.547 0.454 2.299
6/16/96 31.374 2.261 1.497 0.354 2.052
6/16/96 30.141 1.624 1.479 0.211 1.973
6/16/96 28.566 1.780 1.456 0.250 1.872
6/24/96 22.678 1.667 1.356 0.222 1.493
6/1 0/96 22.162 1.431 1.346 0.156 1.459
6/16/96 21.721 1.529 1.337 0.184 1.431
6/1 0196 21.672 1.460 1.336 0.164 1.428
6/16/96 20.714 1.588 1.316 0.201 1.366
0\1 6/24/96 20.452 1.799 1.311 0.255 1.349\0
6/1 0/96 18.63\ 1.599 1.270 0.204 1.231
6/1 0196 16.402 1.731 1.215 0.238 1.087
6/24/96 12.279 0794 1.089 -0.100 0.818
6/24/96 11.797 0.823 1.072 -0.085 0.787
6r'4/96 8.340 0308 0921 -0.511 0.560
6/24/96 7.379 (U65 0.868 -0.438 0.497
6/24196 6.497 0.457 0.813 -0.340 0.438
6/24/96 5.943 0.490 0774 -0.310 0.402
14.200 58.300 69.769
10.300 49.700 41.739
6.200 23.700 18.528
5.800 14.700 16.653
4.000 8.300 9.190
97.100 7.130 1 8.700
96.350 7.178 I 8.641
.......
-...l
o
36.099 4.596 3.653
35.097 4.655 3.564
30.290 2.810 3.132
29.200 2.644 3.033
16.500 1.648 1.838
10.397 1.803 1.226
10.338 1.807 1.220
6.508 1.087 0.813
6.413 1.092 0.803
6.215 0.547 0.781
6.014 0.559 0.759
3.337 0.262 0.453
2.483 0.313 0.349
2.143 0.333 0.307
2.108 0.335 0.303
BENZENE REGRESSION SUMMARY OUTPUT
(MULTIPLE BTEX CONTAMINANTS PRESENT)
Regression Statistics
Multiple R 0.907272721
R Square 0.82314379
Adjusted R Square 0.813318445
Standard Error 0.1 18573223
Observations 20
ANOYA
df SS MS F Significance F
Regression 1 1.17788 1.177880265 83.7775964 3.42422E-08
Residual 18 0.253073 0.014059609
Total 19 1.430953
Coefficients ~ndardErn t Stat P-value Lower 95% Upper 95% Lower 90.0% Upper 90.0%
Intercept -1.155877963 0.137236 -8.422537927 1.16851 E-07 -1.444200959 -0.867554968 -1.393854367 -0.91790156
Log (Ceq) 0.980263964 0.107097 9.153010237 3.42422E-08 0.755260418 1.20526751 0.794550249 1. I65977678
Table 33. Toluene batch test sorption data and regression analysis results with all BTEX present.
6/16/96 29.575 4.859 1.471 0.687 7.213
6/16/96 25.168 6.177 1.401 0.791 6.207
6/16/96 19.950 4.847 1.300 0.685 5.000
6/16/96 17.045 5.281 1.232 0.723 4.318
6/16/96 16.452 3.295 1.216 0.518 4.178
6/16/96 14.093 3.529 1.149 0.548 3.617
6/16/96 10.182 2.491 1.008 0.396 2.673
6116/96 9.003 2.560 0.954 0.408 2.383
6124/96 8.916 2.783 0.950 0.445 2.362
6124/96 7.444 2.870 0.872 0.458 1.997
6/1 0/96 7.044 2.254 0.848 0.353 1.897
--JI 6/1 0/96 6.799 2.377 0.832 0.376 1.835
6/1 0/96 6.755 2.380 0.830 0.377 1.824
6/1 0/96 6.197 2305 0.792 0.363 1.683
6/24/96 5.709 1.423 0.757 0.153 1.560
6124/96 5.330 1.445 0.727 0.160 1.463
6/24/96 3.649 0.535 0.562 -0.271 1.028
6/24/96 3.043 0.571 0.483 -0.243 0.868
6/24/96 2.731 0.705 0.436 -0.152 0.785
6/24/96 2067 0.744 0.315 -0.128 0.606
18070 82.000 93.261
17.560 92.000 92.094
16.700 71.200 90.082
13200 105.500 81.226
11.000 99.700 74.964
10.330 81.500 72.920
8.360 67.500 66.437
7.650 54.200 63.893
3.670 42.300 46.248
Table 33. Toluene batch test sorption data and regression analysis results with all BTEX present.
6/16/96 29.575 4.859 1.471 0.687 7.213
6/16/96 25.168 6.177 1.401 0.791 6.207
6/16/96 19.950 4.847 1300 0.685 5.000
6/16/96 17.045 5.281 1232 0.723 4.318
6/16/96 16.452 3.295 1.216 0.518 4.178
6/16/96 14.093 3.529 1.149 0548 3.617
6/16/96 10.182 2.491 1.008 0.396 2.673
6/16/96 9.003 2.560 0.954 0.408 2.383
6/24/96 8.916 2.783 0.950 0.445 2.362
6/24/96 7.444 2.870 0.872 0.458 1997
6/1 0/96 7JJ44 2.254 0.848 0.353 1897
-...]1 6/1 0/96 6.799 2.377 0.832 0.376 1835
6/1 0/96 6.755 2.380 0.830 0.377 1.824
6/1 0/96 6.197 2.305 0.792 0.363 1.683
6/24/96 5.709 1.423 0.757 0.153 1560
6/24/96 5.330 1.445 0.727 0.160 1.463
6/24/96 3.649 0.535 0.562 -0.271 1028
6/24/96 3.043 0.57\ 0.483 -0.243 0.868
6/24/96 2.731 0.705 0.436 -0.152 0.785
6/24/96 2.067 0.744 0.315 -0.\28 0.606
18.070 82.000 93.261
17.560 92.000 92.094
16.700 71.200 90.082
13.200 105.500 81.226
11.000 99.700 74.964
10.330 81500 72.920
8.360 67.500 66.437
7.650 54.200 63.893
3.670 42.300 46.248
......
--.l
tv
1.710 33.500 33.049
48.434 10.618 12.218
38.149 11.227 9.693
30.906 8.910 7.902
29.032 9.189 7.437
26.968 6.179 6.924
25.659 6.256 6.597
20.551 5.536 5.319
18.271 5.705 4.746
15.889 3.988 4.144
13.820 4.089 3.620
9.656 2.395 2.557
9.655 2.119 2.556
9.543 1.920 2.528
9.196 2.423 2.438
9.059 2.154 2.403
8.989 2.347 2.385
8.839 2.319 2.347
8.765 2.360 2.327
8.731 2.326 2.319
8.478 1.983 2.253
6.388 1.549 1.712
5.361 1.609 1.445
2.140 0.626 0.593
2.030 0.582 0.563
1.948 0.587 0.541
1.915 0.639 0.532
0.937 0.254 0.266
0.928 0.254 0.264
TOLUENE REGRESSION SUMMARY OUTPUT
(MULTIPLE BTEX CONTAMINANTS PRESENT)
Regression Statistics
Multiple R 0.931970937
R Square 0.868569828
.-
--...J
v.J
Adjusted R Square 0.861268152
Standard Error 0.119051341
Observations 20
ANOYA
df 55 M5 F Significance F
Regression 1 ] .685974 ] .6859735] 9 118.9548536 2.31151E-09
Residual 18 0.255118 0.014173222
Total 19 1.941092
Coefficients 2ndard Ern t Stat P-value Lower 95% Upper 95% Lower 90.0% Upper 90.0%
Intercept -0.512069797 0.081861 -6.255347483 6.7089E-06 -0.684053777 -0.340085817 -0.654022155 -0.37011744
Log (Ceq) 0.9311156 0.085371 10.90664264 2.31151E-09 0.751756757 1.110474443 0.783076169 1.079155031
Table 34. Ethylbenzene batch test sorption data and regression analysis results with all BTEX present.
6/16/96 15.356 7.011 1.186 0.846 10.735
6/16/96 12.789 7.778 1.107 0.891 9.056
6/16/96 8.408 6.689 0.925 0.825 6.130
6/16/96 6.591 6.960 0.819 0.843 4.887
6/16/96 5.924 4.454 0.773 0.649 4.426
6/16/96 5737 4.472 0.759 0.651 4.295
6/16/96 3.680 2.672 0.566 0.427 2.842
6/16/96 3.306 2.694 0.519 0.430 2.572
6/24/96 3.096 2.951 0.491 0.470 2.420
6/10/96 2.657 2.231 0.424 0.348 2.099
6/24/96 2.588 1.742 0.413 0.241 2.048
-I 6/10/96 2.563 2.236 0.409 0.350 2.030
:;;:1 6/24/96 2.518 2.985 0.401 0.475 1.997
6/10/96 2.350 2.275 0.371 0.357 1.873
6/24/96 2.100 1.771 0.322 0.248 1.686
6/10/96 1.969 2.298 0.294 0.361 1.588
6/24/96 1.557 0.611 0.192 -0.214 1.277
6/24/96 1.151 0.635 0.061 -0.197 0.964
6/24/96 0.948 0.770 -0.023 -0.113 0.804
6/24/96 0.823 0.777 -0.084 -0.109 0.706
22.500 720.000 620.155
20.400 780.000 573.963
18.900 540.000 540.357
16.200 324.000 478.402
10.200 282.000 331.948
5.400 189.000 200.848
3.600 138.000 145.799
2.100 111.000 95.242
14.226 I 9.964 1 10.189
12.350 I 10.525 I 8.928
Table 34. Ethylbenzene batch test sorption data and regression analysis results with all BTEX present.
6116/96 15.356 7.01 I 1.186 0.846 10.735
6116/96 12.789 7.778 1.107 0.891 9.056
6116/96 8.408 6.689 0.925 0.825 6.130
6116/96 6.591 6.960 0.819 0.843 4.887
6116/96 5924 4.454 0.773 0.649 4.426
6/16/96 5737 4.472 0.759 0.651 4.295
6/16/96 3.680 2.672 0.566 0.427 2.842
6/16/96 3.306 2.694 0.519 0.430 2.572
6/24/96 3.096 295 I 0.491 0.470 2.420
6/10/96 2.657 2.231 0.424 0.348 2.099
6/24/96 2.588 1.742 0.413 0241 2.048
6/1 O/lJ6 2.563 2.236 0.409 0.350 2.030
;;:1 6/24/96 2.518 2.985 0.401 0.475 1.997
6/10/96 2.350 2.275 0.371 0.357 1.873
6/24/96 2.100 1.771 0.322 0248 1.686
6/1 0/96 1.lJ69 2.298 0.294 0.361 1.588
6/24/96 1.557 0.611 0.192 -0.214 1.277
6/24/96 1.151 0.635 0.061 -0.197 0.964
6/24/96 0.948 0.770 -0023 -0.113 0.804
6/24/96 0.823 0.777 -0084 -0.109 0.706
22.500 720.000 620.155
20.400 780.000 573.963
18.900 540.000 540.357
16.200 324.000 478.402
10.200 282.000 331.948
5.400 189.000 200.848
3.600 138.000 145.799
2.100 111.000 95.242
14.226 T 9.964 T 10.189
12.350 I 10.525 I 8.928
......
-J
VI
7.776 6.062 5.793
6.813 6.205 5.119
6.164 4.014 4.662
5.530 4.076 4.212
4.234 2.074 3.281
4.061 2.398 3.156
3.751 2.098 2.930
2.917 3.103 2.316
2.827 2.471 2.249
2.815 2.125 2.240
2.704 3.115 2.157
2.383 2.328 1.917
2.252 2.336 1.818
1.927 1.546 1.571
1.760 1.556 1.444
1.574 1.010 1.301
1.344 1.024 !.l22
ETHYLBENZENE REGRESSION SUMMARY OUTPUT
(MULTlPLE BTEX CONTAMINANTS PRESENT)
Regression Statistics
Multiple R 0.935816635
R Square 0.875752775
Adjusted R Square 0.868850151
Standard Error 0,125033783
Observations 20
ANOYA
df SS MS F Significance F
Regression 1 1.983454 1.98345371 126.8724507 1.38877E-09
Residual 18 0.281402 0.015633447
Total 19 2.264856
Coefficients andard Ern t Stat P-value Lower 95% Upper 95% Lower 90.0% Upper 90.0%
Intercept -0.072736505 0.04961 -1.466161379 0.159856728 -0.17696367 0.03149066 -0.158763655 0.013290646
Log (Ceq) 0.930284381 0.082591 11.26376716 1.38877E-09 0.756767258 1.103801504 0.787066596 1.073502166
Table 35. O-xylene batch test sorption data and regression analysis results with all BTEX present.
6116/96 17.017 7.376 1.231 0.868 11.119
6/16/96 13.538 8.417 1.132 0.925 9.067
6116/96 9.106 6.516 0.959 0.814 6.366
6/16/96 7.376 6.774 0.868 0.831 5.275
6116/96 6.611 4.632 0.820 0.666 4.784
6116/96 6.135 4.679 0.788 0.670 4.476
6/16/96 3.977 2.839 0.600 0.453 3.041
6116/96 3.326 2.877 0.522 0.459 2.592
6/24/96 3.085 2.999 0.489 0.477 2.424
611 0/96 2.895 2.468 0.462 0.392 2.290
--.11 6/24/96 2.853 1.766 0.455 0.247 2.261
0'\1 6/24/96 2.537 3.032 0.404 0.482 2.036
611 0/96 2.511 2.491 0.400 0.396 2.018
611 0/96 2.441 2.456 0.388 0.390 1.967
611 0/96 2.094 2.476 0.321 0.394 1.715
6/24/96 1.986 1.817 0.298 0.259 1.637
6124/96 1.610 0.612 0.207 -0.213 1.357
6124/96 1.074 0.644 0.031 -0.191 0.945
6124/96 0.912 0.742 -0.040 -0.130 0.817
6124/96 0.749 0.751 -0.125 -0.124 0.686
12.000 130.000 136.290
6.400 116.000 120.946
2.200 105.000 98.737
1.500 82.000 91.807
22.000 19.850 19.287
15.000 12.260 12.608
Table 35. O-xylene batch test sorption data and regression analysis results with all BTEX present.
6/16/96 17.017 7.376 1.231 0.868 11.] ]9
6/16/96 13.538 8.417 1.132 0.925 9.067
6/16/96 9.106 6.516 0.959 0.814 6.366
6/16/96 7.376 6.774 0.868 0.831 5.275
6/16/96 6.611 4.632 0.820 0.666 4.784
6/16/96 6.135 4.679 0.788 0.670 4.476
6/16/96 3.977 2.839 0.600 0.453 3.041
6/16/96 3.326 2.877 0.522 0.459 2.592
6/24/96 3.085 2.999 0.489 0.477 2.424
6/1 0/96 2.895 2.468 0.462 0392 2.290
--.J 1 6/24/96 2.853 1.766 0.455 0.247 2.261
0'1 6/24/96 2.537 3.032 0.404 0.482 2.036
6/1 0/96 2.511 2.491 0.400 0.396 2.018
6/1 0/96 2.441 2.456 0.388 0.390 1.967
6/1 0/96 2.094 2.476 0.321 0.394 1.715
6/24/96 1.986 1.817 0.298 0.259 1.637
6/24/96 1.610 0.612 0.207 -0.213 1.357
6/24/96 1.074 0.644 0.031 -0.191 0.945
6/24/96 0.912 0.742 -0.040 -0.130 0.817
6/24/96 0.749 0.751 -0.125 -0.124 0.686
12.000 130.000 136.290
6.400 116.000 120.946
2.200 105.000 98.737
1.500 82000 91.807
22.000 19.850 I 19.287
15.000 12.260 I 12.608
.......
-.l
-.l
8.200 6.380 6.449
5.900 4.700 4.475
5.400 3.800 4.056
2.100 1.450 1.422
a-XYLENE REGRESSION SUMMARY OUTPUT
(MULTIPLE BTEX CONTAMINANTS PRESENT)
Regression Statistics
Multiple R 0.93475309
R Square 0.87376335
Adjusted R Squ; 0.8667502
Standard Error 0.12807294
Observations 20
ANaYA
df 55 M5 F ,)ignijicance F
Regression 1 2.0436 2.04359863 124.589331 1.6038E-09
Residual 18 0.29525 0.01640268
Total 19 2.33885
Coefficients ndard Err t Stat P-value Lower 95% Upper 95% Lower 90.0% Upper 90.0%
Intercept -0.0518911 0.04983 -1.0414213 0.31146678 -0.15657436 0.05279207 -0.13829471 0.034512425
Log (Ceq) 0.89169667 0.07989 11.1619591 1.6038E-09 0.72385995 1.05953339 0.75316738 1.030225958
APPENDIX C - REPETITIVE SORPTION & DESORPTION
DATA
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Table 36. Repetitive sorption data.
161 (Blank) 0 25 n 24.288 24.718 22.591 23.669
167 5.2795 25 n 13.711 0.592 5.303 1.087 2.273 l.l38 2.546 I l.l83 I 4.000
271 3.2953 25 n 16.156 0.734 7.225 1.578 3.400 1.731 3.284 I 1.839 I 5.881
Test #2 I 158 (Blank) 0 25 n 23.589 21.400 20.428 20.210
270 5.2879 25 72 13.596 0.559 5.ln 0.907 2.156 1.021 1.747 I 1.032 I 3.519
286 3.3010 25 72 17.378 0.559 7.359 1.264 2.615 1.604 2.794 I 1.568 I 4.996
Test #3 I 270 (Blank) 0 25 72 24.345 22.925 21.109 20.720
167 52962 25 n 15.648 0.487 5.842 0.953 2.492 1.039 2.272 I 1.030 I 3.509
162 3.3068 25 n 14.894 0.853 5.410 1.574 2.152 1.704 2.060 I 1.677 I 5.808
Test #4 I 119 (Blank) 0 25 72 26.263 31.779 29.702 30.894
29 5.3009 25 72 16.531 0.545 7.910 1.331 4.900 1.383 3.864 I 1.507 I 4.766
139 3.3101 25 72 17.186 0.819 8.983 2.047 4.551 2.258 4.361 I 2.383 I 7.507
........
::c\ I Test # 5 I 132 (Blank) 0 25 72 21.278 21.294 20.861 20.261
162 5.3053 25 72 12.571 0.488 4.784 0.920 1.823 1.061 2.117 T 1.011 1 3.479
346 3.3145 25 72 12.257 0.814 5.766 1.392 2.095 1.683 2.554 I 1.588 I 5.477
Test # 6 I 158 (Blank) 0 25 72 27.913 25.868 27.731 27.178
270 5.3106 25 72 13.621 0.800 4.857 1.169 1.985 1.433 2.026 I 1.400 T 4.803
286 3.3169 25 72 14.913 1.173 6.224 1.760 2.670 2.246 2.921 I 2.174 I 7.353
Test # 7 I 286 (Blank) 0 25 72 27.922 27.967 27.059 26.183
270 5.3058 25 72 14.197 0.768 6.019 1.223 2.245 1.382 2.551 T 1.316 T 4.690
150 3.3115 25 72 14.644 1.198 6.792 1.901 2.382 2.215 2.687 I 2.109 I 7.422
Test # 8 I 109 (Blank) 0 25 72 23.902 24.493 25.479 25.527
106 5.2129 25 72 11.240 0709 4.845 1.114 2.245 1.318 2.173 T 1.325 T 4.466
284 3.2514 25 72 15.434 0.764 7.601 1.545 3.594 2.001 3.869 I 1.980 I 6.290
Table 36. Rcpctitivc sorption data.
I
Test #1 I 16 t (Blank) 0 25 72 24.288 24.718 22.591 23.669
167 5.2795 25 72 13.711 0.592 5.303 1.087 2.273 1.138 2546 1.183 4.000
271 3.2953 25 72 16. t56 0.734 7.225 1.578 3.400 1.731 3.284 I 1.839 I 5.881
Test #2 I 158 (Blank) 0 25 72 23.589 21.400 20.428 20.210
270 52879 ~5 72 13596 0.559 5172 0.907 2156 1.021 1.747 1.032 3.519
286 3.3010 25 72 17.378 0.559 7.359 1.264 2.615 1.604 2.794 I 1.568 I 4996
Test #3 I 270 (Blank) 0 25 72 24.345 22.925 21. 109 20.720
167 5.2962 25 72 15.648 0.487 5.842 0.953 2.492 1.039 2.272 1.030 3.509
162 3.3068 :?5 72 t4894 0.853 5.410 1.574 2.152 1.704 2.060 1.677 5808
Test#4 I 119 (Blank) 0 25 72 26.263 31.779 29.702 30.894
29 53009 25 72 16.531 0.545 7.910 1.331 4.900 1.383 3.864 1507 4.766
139 .1 ..1101 25 72 17.186 0.819 8.983 2.047 4551 2.258 4.361 2.383 7507
:;3 I Test # 5 I 132 (Blank) 0 25 72 21.278 21.294 20.861 20.261
162 5..1053 25 72 12.571 0.488 4.784 0.920 1.823 1.061 2.117 T 1.0 II 1 3.479
.146 33145 25 72 12.257 0.814 5.766 1.392 2.095 1.683 2554 1588 I 5.477
Test # 6 I 158 (Blank) 0 25 72 27.91-' 25.868 27731 27178
270 5..1 106 25 72 13.621 0.800 4.857 1.169 1.985 1.433 2.026 T 1.400 T 4.803
286 33169 25 72 14.91-' 1173 6.224 1.760 2.670 2246 2.921 2.174 7.353
Test # 7 I 286 (Blankl 0 25 72 27.922 27.967 27059 26.183
270 5.3058 25 72 14.197 0768 6.019 t .223 2.245 1.382 2.551 T 1.3t6 T 4.690
150 3.3115 25 72 14.644 1.198 6.792 1.901 2.382 2215 2687 2.109 7.422
Test#8 I 109 (I3lank) 0 25 72 23.902 24.493 25.479 25.527
106 5.2129 25 72 11.240 0709 4.845 1.114 2245 1.318 2.173 T 1.325 T 4.466
2R4 .12514 25 72 15.434 0.764 7.601 1545 3.594 2.001 3869 I 1.980 I 6.290
00
o
Table 37. Test #1 - Multiple BTEX desorption quantification data.
Contaminants
Benzene Toluene Ethylbenzene O-xylene TotalBTEX
Blank & Blank & Sample Blank & Blank & Sample
Mass ofGR @ Sample Final Mass Final Mass Sample Final Mass Final Mass
Beginning of Concentration Sorbed Concentration Sorbed Concentration Sorbed Concentration Sorbed Mass Sorbed
Bottle # Period (ppm) (mg/g) (ppm) (mg/g) (ppm) (mg/g) (ppm) (mg/g) (mg/g)
106 (Blank) 40.002 35.446 26.595 27.330
346 5.893 23.999 0.801 7.199 1.414 2.097 1.227 2.151 1.261 4.703
3 Day 167 3.7285 21.287 1.490 7.507 2.225 1.819 1.973 2.364 1.988 7.676
Sorption 271 (Blank) 42.398 35.072 26.896 26.147
119 5.8015 22.882 0.993 6.4]6 ] .458 1.935 ].270 1.912 1.233 4.954
162 3.0331 29.6]6 1.254 10.379 2.422 2.771 2.366 2.980 2.272 8.314
Desorption of Contaminants
Benzene Toluene Ethylbenzene O-xylene TotalBTEX
Blank & Blank & Sample Blank & Blank & Sample
Sample Final Mass Final Mass Sample Final Mass Final Mass
Concentration Desorbed Concentration Desorbe Concentration Desorbed Concentration Desorbe Mass Desorbed
(ppm) (mg/g) (ppm) d (mg/g) (ppm) (mg/g) (ppm) d (mg/g) (mg/g)
0.000 0.000 0.000 0.000
29 5.9416 7.489 -0.375 3.485 -0.175 1.143 -0.057 ].410 -0.07] -0.677
3 Day 139 3.7668 8.046 -0.64] 3.042 -0.242 0.792 -0.063 0.887 -0.07] -1.017
Desorption 0.000 0.000 0.000 0.000
79 5.8462 7.760 -0.395 3.352 -0.171 1.098 -0.056 1.022 -0.052 -0.673
28 3.0718 5.244 -0.514 3.056 -0.300 0.985 -0.097 0.900 -0.088 -0.999
0.000 0.000 0.000 0.000
271 5.9425 6.541 -0.328 3.487 -0.175 1.522 -0.076 1.424 -0.071 -0.650
6 Day 286 3.7669 4.436 -0.353 2.992 -0.238 1.485 -0.118 1.548 -0.123 -0.833
Desorption 0.000 0.000 0.000 0.000
119 5.845] 7.141 -0.363 3.460 -0.176 1.397 -0.071 1.471 -0.075 -0.685
106 3.0700 3.785 -0.371 . 3.9]3 -0.384 ].964 -0.193 1.893 -0.186 -1.133
00
0.000 0.000 0.000 0.000
79 5.9424 3.785 -0.190 2.520 -0.\26 1.16\ -0.058 1.055 -0.053 -0.427
9 Day 158 3.7633 3.480 -0.277 2.469 -0.197 2.452 -0.195 1.740 -0.\39 -0.808
Desorption 0.000 0.000 0.000 0.000
139 5.8455 3.697 -0.\88 2.222 -0.113 \.853 -0.094 1.667 -0.085 -0.480
29 3.0710 3.437 -0.337 2.704 -0.265 1.627 -0.160 1.502 -0.147 -0.909
0.000 0.000 0.000 0.000
160 5.9424 3.073 -0.154 2.170 -0.109 1.306 -0.065 1.162 -0.058 -0.386
12 Day 285 3.7633 2.097 -0.167 2.799 -0.223 1.550 -0.123 1.296 -0.1 03 -0.616
Desorption 0.000 0.000 0.000 0.000
286 5.8455 3.127 -0.159 2.755 -0.140 1.434 -0.073 1.086 -0.055 -0.427
28 3.0710 1.099 -0.108 2.257 -0.221 1.535 -0.151 1.24\ -0.122 -0.60\
0.000 0.000 0.000 0.000
109 5.9425 2.672 -0.134 2.575 -0.129 1.387 -0.069 1.044 -0.052 -0.385
15 Day 156 3.7632 1.652 -0.132 2.094 -0.\67 \.398 -0.111 \.246 -0.099 -0.509
Desorption 0.000 0.000 0.000 0.000
158 5.8455 2.8\0 -0.143 3.033 -0.\54 1.304 -0.066 0.862 -0.044 -0.407
79 3.0709 0.983 -0.096 1.775 -0.174 1.247 -0.122 0.997 -0.098 -0.49\
0.000 0.000 0.000 0.000
150 5.9425 1.8\\ -0.091 1.376 -0.069 0.857 -0.043 0.759 -0.038 -0.240
18Day 28 3.7632 0.982 -0.078 1.483 -0.1\8 \.004 -0.080 0.927 -0.074 -0.350
Desorption 0.000 0.000 0.000 0.000
286 5.8455 2.493 -0.\27 \.449 -0.074 0.597 -0.030 0.479 -0.024 -0.255
285 3.0709 0.565 -0.055 1.307 -0.\28 0.932 -0.091 1.028 -0.\0\ -0.376
CA
N
Table 38. Test #2 - Multiple BTEX desorption quantification data.
Sorpiton of Contaminants
Benzene Toluene Ethylbenzene O-xylene TotalBTEX
Blank & Sample Blank & Sample Blank & Sample Blank & Sample
Mass ofCR @ Final Mass Final Mass Final Mass Final Mass
Beginning of Concentration Sorbed Concentration Sorbed Concentration Sorbed Concentration Sorbed Mass Sorbed
Bottle # Period (ppm) (mg/g) (ppm) (mg/g) (ppm) (mg/g) (ppm) (mg/g) (mg/g)
109 (Blank) 42.054 38.457 38.017 38.184
106 3.7371 22.942 1.518 9.302 2.316 3.305 2.758 3.867 2.726 9.318
3Day 273 5.8144 22.340 1.001 8.117 1.540 3.006 1.777 3.483 1.762 6.080
Sorption 79 44.484 42.564 41.944 42.109
162 (Blank 3.0411 28.008 1.612 12.832 2.908 5.691 3.546 5.992 3.533 11.599
161 5.9076 23.230 1.062 6.729 1.790 2.189 1.986 2.395 1.984 6.821
Desorption of Contaminants
Benzene Toluene Ethylbenzene O-xylene TotalBTEX
Blank & Sample Blank & Sample Blank & Sample Blank & Sample
Final Mass Final Mass Final Mass Final Mass
Concentration Desorbed Concentration Desorbed Concentration Desorbed Concentration Desorbed Mass Desorbed
(ppm) (mg/g) (ppm) (mg/g) (ppm) (mg/g) (ppm) (mg/g) (mg/g)
0.000 0.000 0.000 0.000
284 3.7827 8.290 -0.659 5.223 -0.415 2.236 -0.178 2.456 -0.195 -1.446
3 Day 119 58651 9.104 -0.462 5.224 -0.265 2.234 -0.113 2.548 -0.129 -0.970
Desorption 0.000 0.000 0.000 0.000
150 3.0900 7.935 -0.776 4.245 -0.415 1.891 -0.185 1.952 -0.191 -1.567
168 5.9620 9.681 -0.484 7.958 -0.398 4.109 -0.205 4.654 -0.232 -1.319
0.000 0.000 0.000 0.000
167 3.7792 4.841 -0.385 4.870 -0.387 2.608 -0.207 2.952 -0.234 -1.213
6 Day 52 5.8636 5.474 -0.278 4.349 -0.221 1.949 -0.099 2.101 -0.107 -0.704
Desorption 0.000 0.000 0.000 0.000
139 3.0871 4.689 -0.459 4.013 -0.392 2.438 -0.238 2.367 -0.232 -1.321
132 5.9620 4.745 -0.237 3.579 -0.179 1.587 -0.079 1.650 -0.082 -0.577
0.000 0.000 0.000 0.000
29 3.7766 2.647 -0.210 4.257 -0.338 2.632 -0.209 2.810 -0.223 -0.981
9 Day 271 5.8625 3.443 -0.175 4.161 -0.211 2.359 -0.120 2.427 -0.123 -0.629
00
w
Desorption 0.000 0.000 0.000 0.000
160 3.0851 1.897 -0.186 3.535 -0.346 2.705 -0.265 2.761 -0.270 -1.066
28 5.9606 3.470 -0.173 4.413 -0.220 2.520 -0.126 2.780 -0.139 -0.659
0.000 0.000 0.000 0.000
162 3.7747 1.417 -0.113 2.303 -0.183 1.601 -0.127 1.409 -0.112 -0.535
12 Day 161 5.8617 2.165 -0.110 3.099 -0.157 1.716 -0.087 1.762 -0.089 -0.444
Desorption 0.000 0.000 0.000 0.000
168 3.0835 2.075 -0.203 2.595 -0.254 2.345 -0.229 2.252 -0.220 -0.906
79 5.9607 2.023 -0.101 2.864 -0.143 1.514 -0.076 1.693 -0.085 -0.404
0.000 0.000 0.000 0.000
273 3.7730 1.190 -0.095 3.302 -0.262 2.586 -0.205 2.924 -0.232 -0.795
15 Day 156 5.8612 1.664 -0.084 2.845 -0.144 1.713 -0.087 1.631 -0:083 -0.399
Desorption 0.000 0.000 0.000 0.000
158 3.0832 0.891 -0.087 2.244 -0.219 2.393 -0.234 2.202 -0.215 -0.756
285 5.9604 1.678 -0.084 3.067 -0.153 2.234 -0.112 2.241 -0.112 -0.461
0.000 0.000 0.000 0.000
132 0.322 -0.026 2.323 -0.185 2.354 -0.187 2.367 -0.188 -0.585
18 Day 52 1.068 -0.054 2.621 -0.133 2.030 -0.103 2.120 -0.108 -0.398
Desorption 0.000 0.000 0.000 0.000
139 0.388 -0.038 1.956 -0.191 2.252 -0.220 2.135 -0.209 -0.658
167 1.188 -0.059 2.397 -0.120 1.757 -0.088 2.088 -0.104 -0.371
APPENDIX D - SAMPLE COLUMN TEST DATA
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Table 39. Data for benzene only column test #1 (2.5 em diamete;.;r;,;:,) .,.... """T" -r- ---,
Mass of Sorption Media grams
% Ground Rubber %
% Sand §+.:9f~o------l-----+-----t-----I
Specific gravity of sand 2.67 g/rnL
Specific gravity of rubber 1.20Ig/rnL
Cross sectional area of column 4.911cm2
34.561'EBCT=
em
15.011rrun I I I I
31.981 cm3 or rnL
41.671cm3
73.651cm3
----;IT':fI rnL/min
Mean contact time
Average flow rate
GC Calibration date:
Height of packed bed
Volume of packed bed
Volume of Voids in packed bed
Volume of solids based on specific gravity
Intercept =
Slope =
00
uq I I I I I I I I
Mean
Fluid Vol. Inlet Outlet Avg. Inlet Detection
Sample Flow through Volume Empty Bed Treated Concentration Concentration Cone. Limit
Time (min) (rnL) Vols. (Llg) (mg/L) (mg/L) (mg/L) (MDL)
o 0.0 0.00 0.00000 70.55 0040 72.95 0.5
30 I 63.9 I 0.87 1 0.00128 1 65.16 I 0040 1 72.95 I 0.5
595 I 1267.9 1 17.22 1 0.02536 1 60.32 I 0040 1 72.95 I 0.5
655 1 1395.8 1 18.95 I 0.02792 I 64.91 I 0040 1 72.95 I 0.5
715 I 1523.7 I 20.69 I 0.03047 1 78.62 I 0040 1 72.95 I 0.5
775 I 1651.5 I 22042 I 0.03303 I 84.53 I 0040 I 72.95 I 0.5
835 I 177904 1 24.16 I 0.03559 I 72.97 I 0040 I 72.95 I 0.5
895 I 1907.2 I 25.90 I 0.03814 I 81.63 1 0040 I 72.95 I 0.5
00
Ul
Table 39. Data for benzene only column test # 1 (2.5 cm diameter)
Mass of Sorption Media 50.00 grams
% Ground Rubber 100.00 %
% Sand 0.00 %
Specific gravity of sand 2.67 g/mL
Specific gravity of rubber 1.20 g/mL
Cross sectional area of column 4.91 cm2
Height of packed bed 15.00 cm
Volume of packed bed 73.65 cm3
Volume of solids based on,,;>pecific gravity 41.67 cm3
Volume of Voids in packed bed 31.98 cm30rmL
Average flow rate 2.13 mL/min
Mean contact time 15.01 mm
GC Calibration date: I-Aug EBCT= 34.561
Intercept = 0
Slope = 11.59
Mean
Fluid Vol. Inlet Outlet Avg. Inlet Detection
Sample Flow through Volume Empty Bed Treated Concentration Concentration Conc. Limit
Time (min) (mL) Vo1s. (Llg) (mglL) (mglL) (mglL) (MDL)
0 0.0 0.00 0.00000 70.55 0.40 72.95 0.5
30 63.9 0.87 0.00128 65.16 0.40 72.95 0.5
595 1267.9 17.22 0.02536 60.32 0.40 72.95 0.5
655 1395.8 18.95 0.02792 64.91 0.40 72.95 0.5
715 1523.7 20.69 0.03047 78.62 0.40 72.95 0.5
775 1651.5 22.42 0.03303 84.53 0.40 72.95 0.5
835 1779.4 24.16 0.03559 72.97 0.40 72.95 0.5
895 1907.2 25.90 0.03814 81.63 0.40 72.95 0.5
955 2035.1 27.63 0.04070 72.91 0.40 72.95 0.5
-
00
0\
1075 2290.8 31.10 0.04582 72.48 1.01 72.95 0.5
1135 2418.7 32.84 0.04837 78.30 1.20 72.95 0.5
1195 2546.5 34.58 0.05093 73.34 1.89 72.95 0.5
1315 2802.3 38.05 0.05605 69.17 5.53 72.95 0.5
Avg. Inlet Cone. 72.95
#ffl1.WiU.*fN
.;"" =to breakthrough
Performance of Crumb Rubber in media
Volume Treated up to break through 2121.98 mL
Mass of Benzene Sorbed to CR 154.81 mg
q= 3.10 mglg Fruendlich Isotherm Applied
Equilibrium Sorption at Inlet Cone. 6.76 mg/g q=0.157CI\.877
Percentage of sorption capacity is 45.82 %
Table 40. Data for toluene only column test #1 (2.5 em diameter)
Mass of Sorption Medial 5j.uulgrams
% Ground Rubberl l00~OO~
% Sand 0.00 %
Specific gravity of sandi 2.67Ig/mL
Specific gravity of rubberI 1.201 g/mL
Cross sectional area of column
Height of packed bed
Volume of packed bed
Volume of solids based on specific gravityI 44.171cm3
Volume of Voids in packed bed
Average flow rate
Mean contact time EBCT = 37.57653061
GC Calibration date:
Intercept =
Slope =
§! I I I Mean I
Fluid Vol. Inlet Outlet Detection
Sample Time I Flow through Volume I Empty Bed I Treated Concentration Concentration Limit
(min) (mL) Vols. (Ltg) (mg/L) (mg/L) Avg. Inlet Cone. (mg/L) (MOL)
o I 0.0 '0.00 I 0.00000 I 88.45 I 0.40 -, 91.71 I 0.5
60 I 117.6 I 1.60 I 0.00222 I 83.86 I 0.40 I 91.71 I 0.5
960 I 1881.6 I 25.55 I 0.03550 I 78.22 I 0.40 I 91.71 I 0.5
1110 I 2175.6 I 29.54 I 0.04105 I 99.06 I 0.40 I 91.71 I 0.5
1260 I 2469.6 I 33.53 I 0.04660 I 82.75 I 0.40 I 91.71 I 0.5
1380 I 2704.8 I 36.73 I 0.05103 I 102.23 I 0.40 I 91.71 j 0.5
1500 I 2940.0 I 39.92 I 0.05547 I 104.79 I 0.40 I 91.71 I 0.5
1590 I 3116.4 I 42.31 I 0.05880 I 93.31 I 0.40 I 91.71 I 0.5
2415 I 4733.4 I 64.27 I 0.08931 I 82.18 I 0.40 I 91.71 I 0.5
00
--.l
Table 40. Data for toluene only column test #1 (2.5 cm diameter)
Mass of Sorption Media 53.00 grams
9c Ground Rubber 100.00 %
% Sand 0.00 %
Specific gravity of sand 2.67 g/mL
Specific gravity of rubber \.20 g/mL
Cross sectional area of column 4.91 cm2
Height of packed bed 15.00 cm
Volume of packed bed 73.65 cm3
Volume of solids based on specific gravity 44.17 cm3
Volume of Voids in packed bed 29.48 cm30rmL
Average flow rate 1.96 mLimin
Mean contact time 15.04 mIn EBCT= 37.57653061
GC Calibration date: 13-Mar
Intercept = -0.219017
Slope = 10.81579
Mean
Fluid Vol. Inlet Outlet Detection
Sample Time Flow through Volume Empty Bed Treated Concentration Concentration Limit
(min) (mL) Vols. (Llg) (mg/L) (mg/L) Avg. Inlet Conc. (mg/L) (MDL)
0 0.0 0.00 0.00000 88.45 0.40 91.71 0.5
60 117.6 \.60 0.00222 83.86 0.40 91.71 0.5
960 188\.6 25.55 0.03550 78.22 0.40 9\.71 0.5
1110 2175.6 29.54 0.04105 99.06 0.40 9\.71 0.5
1260 2469.6 33.53 0.04660 82.75 0.40 9\.71 0.5
1380 2704.8 36.73 0.05103 102.23 0.40 91.71 0.5
1500 2940.0 39.92 0.05547 104.79 0.40 91.71 0.5
1590 3116.4 42.31 0.05880 93.31 0.40 91.71 0.5
2415 4733.4 64.27 0.08931 82.18 0.40 91.71 0.5
2625 5145.0 69.86 0.09708 92.36 0.40 91.71 0.5
- -3855 7555.8 102.59 0.14256 86.29 1.87 91.71 0.5
00
00
4335 8496.6 115.36 0.16031 83.27 2.79 91.71 0.5
Avg. Inlet Cone. 91.71 ppm
.. ::::;.
= to breakthrough
Performance of Crumb Rubber in media
Volume Treated up to break through 5429.92 mL
Mass of Benzene Sorbed to CR 497.98 mg
q= 9.40 rnglg Fruendlieh Isotherm Applied
Equilibrium Sorption at Inlet Cone. 22.70 mg/g q=.283CA O.970
Percentage of sorption capacity is 41.40 %
Table 41. Data for ethylbenzene only column test #1 (2.5 cm diameter)
Mass of Sorption Media IIgrams
% Ground Rubber %
I % Sand i %
Specific gravity of sand 2.67 g/rnL
Specific gravity of rubber 1.20 g/rnL
Cross sectional area of column 4.91 cm2
Height of packed bed // ..·Y/1"(1(\ cm> .<
Volume of packed bed 73.65 cm3
Volume of solids based on specific gravity 44.17 cm3
Volume of Voids in packed bed 29.48 cm3 or rnL
Average flow rate Iti>*,''''''' rnL/min
Mean contact time 14.74 mm EBCT= 36.825
GC Calibration date:
Intercept = 0
Slope = i::·.·....>:· •••·i> •••••·~••••
Mean
Fluid Vol. Inlet Outlet Avg. Inlet Detection
Sample Flow through Volume Empty Bed Treated Concentration Concentration Conc. Limit
Time (min) (rnL) Vols. (L/g) (mg/L) (mg/L) (mg/L) (MDL)
0 0.0 0.00 0.0000 46.91 0.40 44.71 0.5
990 1980.0 26.88 0.0374 47.15 0.40 44.71 0.5
1635 3270.0 44.40 0.0617 45.37 0.40 44.71 0.5
2430 4860.0 65.99 0.0917 46.44 0.40 44.71 0.5
2820 5640.0 76.58 0.1064 37.69 0.40 44.71 0.5
3900 7800.0 105.91 0.1472 44.26 0.40 44.71 0.5
4275 8550.0 116.09 0.1613 40.28 0.40 44.71 0.5
4440 8880.0 120.57 0.1675 44.34 0.40 44.71 0.5
5340 10680.0 145.01 0.2015 45.63 0.40 44.71 0.5
% .' :-:~'{ ~
"
• w
"',}.)ill , , 1 w ~ f? '" , ,. ".
,
" % ;'..1: y¥ " I® *' y' ;" x- ..
00
\0
00
'0
Table 41. Data for ethylbenzene only column test # 1 (2.5 cm diameter)
Mass of Sorption Media 53.00 grams
% Ground Rubber 100.00 %
I % Sand 0.00 %
Specific gravity of sand 2.67 g/mL
Specific gravity of rubber 1.20 g/mL
Cross sectional area of column 4.91 cm2
Height of packed bed 15.00 cm
Volume of packed bed 73.65 cm3
Volume of solids based on specific gravity 44.17 cm3
Volume of Voids in packed bed 29.48 cm3 or mL
Average flow rate 2.00 mL/min
Mean contact time 14.74 mm EBCT= 36.825
GC Calibration date: 13-Jun
Intercept = 0
Slope = 11.850
Mean
Fluid Vol. Inlet Outlet Avg. Inlet Detection
Sample Flow through Volume Empty Bed Treated Concentration Concentration Cone. Limit
Time (min) (mL) Vols. (L/g) (mglL) (mglL) (mglL) (MOL)
0 0.0 0.00 0.0000 46.91 0.40 44.71 0.5
990 1980.0 26.88 0.0374 47.15 0.40 44.71 0.5
1635 3270.0 44.40 0.0617 45.37 0.40 44.71 0.5
2430 4860.0 65.99 0.0917 46.44 0.40 44.71 0.5
2820 5640.0 76.58 0.1064 37.69 0.40 44.71 0.5
3900 7800.0 105.91 0.1472 44.26 0.40 44.71 0.5
4275 8550.0 116.09 0.1613 40.28 0.40 44.71 0.5
4440 8880.0 120.57 0.1675 44.34 0.40 44.71 0.5
5340 10680.0 145.01 0.2015 45.63 0.40 44.71 0.5
- --- -- -------
>-'
\0
o
5820 11640.0 158.04 0.2196 48.57 3.48 44.71 0.5
6780 13560.0 184.11 0.2558 46.47 4.89 44.71 0.5
7110 14220.0 193.08 0.2683 50.32 7.64 44.71 0.5
8340 16680.0 226.48 0.3147 39.28 12.47 44.71 0.5
Avg. Inlet Cone. 44.71 ppm
= to breakthrough
Performance of Crumb Rubber in media
. Volume Treated up to break through 11301.52 mL
Mass of Benzene Sorbed to CR 505.29 mg
q= 9.53 mg/g Fruendlich Isotherm Applied
Equilibrium Sorption at Inlet Cone. 29.72 mg/g q=0.851CeqO.935
Percentage of sorption capacity is 32.08 %
Table 42. Data for a-xylene only column test #2 (2.5 em diameter)
Mass of Sorption Media .~IDnS% Ground Rubber %
% Sand %
Specific gravity of sand 2.67 g/mL
Specific gravity of rubber 1.20 g/mL
Cross sectional area of column 4.91 cm2
Height of packed bed em
Volume of packed bed 73.65 cm3
Volume of solids based on specific gravity 44.17 cm3
Volume of Voids in packed bed 29.48 em3 or rnL
Average flow rate mL/minit
Mean contact time 14.74 mm EBCT= 36.825
GC Calibration date: ~Intercept =
Slope = 11.922
Mean
Fluid Vol. Inlet Outlet Avg. Inlet Detection
Sample Flow through Volume Empty Bed Treated Concentration Concentration Cone. Limit
Time (min) (rnL) Vols. (Llg) (mglL) (mglL) (mglL) (MOL)
0 0.0 0.00 0.0000 60.42 0.40 51.09 0.5
1275 2550.0 34.62 0.0481 78.66 0.40 51.09 0.5
2565 5130.0 69.65 0.0968 36.43 0.40 51.09 0.5
3960 7920.0 107.54 0.1494 57.94 0.40 51.09 0.5
5415 10830.0 147.05 0.2043 47.22 0.40 51.09 0.5
6390 12780.0 173.52 0.2411 53.04 0.40 51.09 0.5
8265 16530.0 224.44 0.3119 52.32 0.40 51.09 0.5
10050 20100.0 272.91 0.3792 52.29 0.40 51.09 0.5
11445 22890.0 310.79 0.4319 50.33 0.43 51.09 0.5
12765 25530.0 346.64 0.4817 43.94 1.90 51.09 0.5
\0
\0
Table 42. Data for a-xylene only column test #2 (2.5 em diameter)
Mass of Sorption Media 53.00 grams
% Ground Rubber 100.00 %
% Sand 0.00 %
Specific gravity of sand 2.67 g/mL
Specific gravity of rubber 1.20 g/mL
Cross sectional area of column 4.91 em2
Height of packed bed 15.00 em
Volume of packed bed 73.65 cm3
Volume of solids based on specific gravity 44.17 cm3
Volume of Voids in packed bed 29.48 em3 or mL
Average flow rate 2.00 mL/min
Mean contact time 14.74 mm EBCT= 36.825
GC Calibration date: 13-Jun
Intercept = 0
Slope = 11.922
Mean
Fluid Vol. Inlet Outlet Avg. Inlet Detection
Sample Flow through Volume Empty Bed Treated Concentration Concentration Cone. Limit
Time (min) (mL) Vols. (Llg) (mglL) (mglL) (mglL) (MOL)
0 0.0 0.00 0.0000 60.42 0.40 51.09 0.5
1275 2550.0 34.62 0.0481 78.66 0.40 51.09 0.5
2565 5130.0 69.65 0.0968 36.43 0.40 51.09 0.5
3960 7920.0 107.54 0.1494 57.94 0.40 51.09 0.5
5415 10830.0 147.05 0.2043 47.22 0.40 51.09 0.5
6390 12780.0 173.52 0.2411 53.04 0.40 51.09 0.5
8265 16530.0 224.44 0.3119 52.32 0.40 51.09 0.5
10050 20100.0 272.91 0.3792 52.29 0.40 51.09 0.5
11445 22890.0 310.79 0.4319 50.33 0.43 51.09 0.5
12765 25530.0 346.64 0.4817 43.94 1.90 51.09 0.5
.......
\0
N
472.10 I 0.6560
Avg. Inlet Cone.
= to breakthrough
Performance of Crumb Rubber in media
Volume Treated up to break through! 31071.521mL
Mass of Benzene Sorbed to CR I 1587.321mg
q = I 29.951mglg
Equilibrium Sorption at Inlet Cone. I 49. 141 mg/g
Percentage of sorption capacity is I 60.951 %
Fruendlich Isotherm Applied
q=0.624CeqA 1.11
12990 1 25980.0
14205 1 28410.0
34770.0
= to breakthrough
Performance of Crumb Rubber in media
472.10 I 0.6560
Avg. Inlet Cone.
46.26
51.09 ppm
11.12
\0
N
Volume Treated up to break throughJ 31071.521mL
Mass of Benzene Sorbed to CR I 1587.321mg
q = I 29.951mg/g
Equilibrium Sorption at Inlet Cone. I 49.141 mg/g
Percentage of sorption capacity is 1 60.951 %
Fruendlieh Isotherm Applied
q=O.624Ceq" 1.11
Table 43. Data for multiple BTEX contaminant sorption, column test #2 (2.5 cm diameter)
Mass of Sorption Media ii.gramS
% Ground Rubberii %
I % Sand liii %
Specific gravity of sand 2.67 g/mL
Specific gravity of rubber 1.20 g/mL
Cross sectional area of column 4.91 cm2
Height of packed bed J5.09: cm
Volume of packed bed 73.65 cm3
/
i
Volume of solids based on specific gravity 44.17 cm3
Volume of Voids in packed bed 29.48 cm30rmL
Average flow rate '.iiX;90 mL/min
Mean contact time 15.52 min EBCT- 38.7632
GC Calibration date: i13!Juo
¥i@iiBim1gl\~~m!m!J.m·".... "",- <>Z'-'" ....,. ·,·': ••,··.,:w.·:::.:t.'::.:'······ ~~.: ,}@kl&iilWft~
Mean
Benzene Detection
Sample Time Flow through Volume Empty Bed Fluid Vol. Influent Limit
(min) (mL) Vols. Treated (Ltg Conc. Toluene Ethylbenzene O-xylene Benzene Toluene Ethylbenzene O-xylene (MOL)
20 38.0 0.52 0.00071698 41.02 37.73 31.96 34.98 0.40 0.40 0.40 0.40 0.5
335 636.5 8.64 0.01200943 47.87 45.04 38.85 48.44 0.40 0.40 0.40 0.40 0.5
1305 2479.5 33.67 0.04678302 46.78 45.27 38.67 40.86 1.94 0.40 0.40 0.40 0.5
1530 2907.0 39.47 0.05484906 49.70 48.51 42.18 44.94 5.07 0.40 0.40 0.40 0.5
2910 5529.0 75.07 0.10432075 51.07 50.07 44.60 48.46 27.82 0.40 0.40 0.40 0.5
4275 8122.5 110.29 0.15325472 40.68 37.84 29.55 31.50 42.42 0.40 0.40 0.40 0.5
4455 8464.5 114.93 0.15970755 54.02 52.14 47.73 5UI 42.06 0.61 0.40 0.40 0.5
5670 10773.0 146.27 0.20326415 45.47 43.69 37.25 40.69 44.53 2.22 0.40 0.40 0.5
7380 14022.0 190.39 0.26456604 47.31 45.55 38.79 42.42 41.54 7.83 0.40 0.40 0.5
8760 16644.0 225.99 0.31403774 45.55 44.73 38.72 41.29 52.70 21.05 0.40 0.40 0.5
9930 18867.0 256.17 0.35598113 50.98 50.45 37.95 41.89 48.84 26.65 0.40 0.40 0.5
10320 19608.0 266.23 0.36996226 50.69 46.77 35.02 38.70 46.12 28.20 0.40 0.40 0.5
11430 21717.0 294.87 0.40975472 53.59 52.69 41.07 44.87 48.62 36.14 0.40 0.40 0.5
13050 24795.0 336.66 0.46783019 48.12 50.07 40.07 42.84 41.30 32.37 0.40 0.40 0.5
14535 27616.5 374.97 0.52106604 49.21 48.11 37.11 42.06 46.12 38.22 0.40 0.40 0.5
14595 27730.5 376.52 0.52321698 43.49 43.70 36.66 38.96 44.97 41.76 0.40 1.03 0.5
15765 29953.5 406.70 0.56516038 47.85 46.40 38.61 42.04 45.85 42.60 0.89 1.86 0.5
Avg. Inlet Cone. 48.06 46.58 38.63 42.34 ppm
I
I
I
Benzene Toluene Ethylbenzene O-x: lene
Performance of Crumb Rubber in media
Volume Treated up to break through 2209.50 mL 8426.02 mL 29915.02 mL 29915.02 mL
Mass of Benzene Sorbed to CR 106.18 mg 392.45 mg 1155.73 mg 1266.47 mg
q- 2.00 mwe 7.40 mwe 21.81 mg/g 23.90 mg/g
-\0
W
Table 43. Data ror multiple 8TEX contaminant sorption. column tcst #2 (2.5 em diameter)
1\·lass or Sorption Mcdia
'k Ground Rubber
'7e Sand
Speciric gravity of sand
Specific gravity or rubber
Cross sectional area of column
Height of packed bed
Volume of packed bcd
Volume of solids bascd on spccific gravity
Volume of Voids in packcd bed
Average flow rale
Mean contact time
GC Calibration date:
53.001 grams
100.001%
0.001%
2.67 1g/mL
1.201g/mL
4.911cm2
15.001cm
73.65Icm3
44.17lcm3
29A8lcm3 or mL
1.901 mLimin
15.521min
13-Jun
EBCT = 138.7632
InIetCooeentratiort (mglL) . . .fui.uef Concentration(m~) ."
Mean
Benzcne Detection
Sample Time Flow through Volume Empty Bcd Fluid Vol. Influcnt Limit
(min) (mL) Vois. Treated (Llg) Cone. Tolucne Ethylbenzenc O-xylene Bcnzene Toluene Ethylbenzene O-xylene (MOL)
20 38.0 0.52 0.00071698 41.02 37.73 31.96 34.98 OAO OAO OAO OAO 0.5
335 636.5 8.64 0.01200943 47.87 45.04 38.85 48A4 OAO OAO OAO OAO 0.5
1305 2479.5 33.67 0.04678302 46.78 45.27 38.67 40.86 1.94 OAO OAO OAO 0.5
1530 2907.0 39A7 0.05484906 49.70 48.51 42.18 44.94 5.07 OAO OAO OAO 0.5
~I 2910 5529.0 75.07 0.10432075 51.07 50.07 44.60 48A6 27.82 OAO OAO OAO 0.5
4275 8122.5 110.29 0.15325472 40.68 37.84 29.55 31.50 42A2 OAO OAO OAO 0.5
4455 8464.5 114.93 0.15970755 54.02 52.14 47.73 51.11 42.06 0.61 OAO OAO 0.5
5670 10773.0 146.27 0.20326415 45A7 43.69 37.25 40.69 44.53 2.22 OAO DAD 0.5
7380 14022.0 190.39 0.26456604 47.31 45.55 38.79 42A2 41.54 7.83 OAO OAO 0.5
8760 16644.0 225.99 0.31403774 45.55 44.73 38.72 41.29 52.70 21.05 OAO OAO 0.5
9930 18867.0 256.17 0.35598113 50.98 50.45 37.95 41.89 48.84 26.65 OAO OAO 0.5
10320 19608.0 266.23 0.36996226 50.69 46.77 35.02 38.70 46.12 28.20 OAO OAO 0.5
11430 21717.0 294.87 OA0975472 53.59 52.69 41.07 44.87 48.62 36.14 OAO OAO 0.5
13050 24795.0 336.66 OA67830 19 48.12 50.07 40.07 42.84 41.30 32.37 OAO OAO 0.5
14535 27616.5 374.97 0.52106604 49.21 48.11 37.11 42.06 46.12 38.22 OAO OAO 0.5
14595 27730.5 376.52 0.52321698 43A9 43.70 36.66 38.96 44.97 41.76 OAO 1.03 0.5
15765 29953.5 406.70 0.56516038 47.85 46AO 38.61 42.04 45.85 4260 0.89 1.86 0.5
Avg. Inlet Cone. 48.06 46.58 38.63 42.34
._-
-- .
ppm
Benzene Toluene Ethylbenzene O-xvlene
Performance of Crumb Rubbcr in media
Volumc Treated up to break through 2209.50 mL 8426.02 mL 29915.021mL 129915.021mL
Mass or Bcnzene Sorbcd to CR 106.18 mg 392A5 mg 1155.73 mg 1266A7 mg
I q- 2.00 mglg 7.40 mglg 21.81 lmglg I 23.9O lmglg
..-
\Cl
+:>-
Equilibrium Sorption at Inlet Cone. 4.691mg/g I1.75lmg/g 25.93 1mg/g 39.891mg/g
Percentage of sorption capacity is 42.751% 63.041% 84.111 % 59.911%
I Fruendlieh IsothermApplied q=O.I 57Ceql\.877 q=O.283CeqI\O.97 q=O.85I Ceq1\O.935 q=O.624Ceql\ 1.11
~
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